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ABSTRACT 
EXAMINING THE EFFECTS OF MODEL-BASED INQUIRY ON CONCEPETUAL 
UNDERSTANDING AND ENGAGEMENT IN SCIENCE 
CHRISTINA L. BAZE 
Model-Based Inquiry (MBI) is an instructional model which engages students in the scientific 
practices of modeling, explanation, and argumentation while they work to construct explanations 
for natural phenomena. This instructional model has not been previously studied at the 
community college level. The purpose of this study is to better understand how MBI affects the 
development of community college students’ conceptual understanding of evolution and 
engagement in the practices of science. Mixed-methods were employed to collect quantitative 
and qualitative data through the multiple-choice Concepts Inventory of Natural Selection, student 
artifacts, and semi-structured interviews. Participants were enrolled in Biology Concepts, an 
introductory class for non-science majors, at a small, rural community college in the 
southwestern United States. Preliminary data shows that conceptual understanding is not 
adversely affected by the implementation of MBI, and that students gain valuable insights into 
the practices of science. Specifically, students who participated in the MBI intervention group 
gained a better understanding of the role of models in explaining and predicting phenomena and 
experienced feeling ownership of their ideas, an appropriate depth of thinking, more 
opportunities for collaboration, and coherence and context within the unit. Implications of this 
study will be of interest to postsecondary science educators and researchers who seek to reform 
and improve science education. 
Keywords: Science practices, modeling, argumentation, explanation, model-based 
inquiry, postsecondary education, mixed methods.  
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Examining the Effects of Model-Based Inquiry on Conceptual Understanding and Engagement 
in Science 
Developing science literacy for students of all ages is a main goal of science education 
reform. In an effort to support a scientifically literate citizenry, the American Association for the 
Advancement of Science (AAAS) published a report titled Science for All Americans (1989) 
which defines science literacy broadly as the skills and knowledge necessary to do science. This 
includes an understanding of how the natural world works, scientific methods of inquiry, and 
habits of mind such as attitudes and ways of thinking. Benchmarks for Science Literacy (AAAS, 
1993) provides recommendations for reasonable progress toward adult science literacy goals 
throughout K-12 education. From these reports and other research, A Framework for K-12 
Science Education: Practices, Crosscutting Concepts, and Core Ideas (National Research 
Council, 2012) was developed. The Framework emphasizes the teaching of scientific inquiry to 
support science literacy in students. 
“Inquiry” is largely misunderstood by teachers, who often interpret it as hands-on 
learning (Crawford, 2014; Osborne, 2014). However, inquiry is really much more than that; it 
involves students actually engaging in science by asking questions, designing investigations, 
gathering and analyzing data, drawing conclusions, and sharing their results. Students should, as 
much as possible and appropriate, actually do science and learn how science is done, rather than 
just learn various scientific facts. There has been an effort in science education, even at the 
postsecondary level, to improve the way we teach science. One promising response to this push 
is Model-Based Inquiry. 
Model-based inquiry (MBI) is a recently developed instructional design that allows 
students to interact with science concepts through engagement in science practices such as 
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modeling, explanation, and argumentation, as they seek to explain a natural phenomenon that 
anchors the unit. This is aligned with the Next Generation Science Standards as MBI engages 
students in three dimensional learning (National Research Council, 2012). Previous research on 
MBI has largely been in the context of elementary (Passmore, Stewart, & Cartier, 2009; 
Windschitl, Thompson, & Braaten, 2008) and, to a lesser extent, secondary (Campbell, Zhang, & 
Neilson, 2011) education. Central to MBI, the individual practice of modeling has been widely 
studied (Archer, Arca, & Sanmarti, 2007; Ruebush, Sulikowski, & North, 2009; Schwarz et al., 
2009), as have the practices of explanation (Chi et al., 1989; Chi et al., 1994; Chin & Brown, 
2000; Rittle-Johnson and Loehr, 2016; Teichert & Stacy, 2002) and argumentation (Duschl, & 
Osborne, 2008; Nichols, Gillies, & Hedberg, 2016; Rittle-Johnson, & Loehr, 2016; Walker, 
Sampson, Grooms, Anderson, & Zimmerman, 2012), from elementary to postsecondary 
education. However, the implementation of a coherent MBI unit in a postsecondary science 
classroom is absent in the literature. My study will add to the literature regarding the 
effectiveness of MBI in a postsecondary community college classroom. Implications of the 
research could alter perceptions of best practices in post-secondary education, particularly the 
model of lecture-based instruction. 
The purpose of this study is to better understand how Model-Based Inquiry (MBI), an 
instructional design that incorporates scientific practice into the classroom, affects the 
development of student conceptual understanding of evolution and engagement in the practices 
of science. An instructional unit on evolution has been developed and will be the focus of the 
research. The research questions are: How does the implementation of a MBI unit on evolution 
affect the conceptual understanding of evolution in a community college classroom, and how do 
students engage in the practices of science? It is hypothesized that the implementation of a MBI 
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unit on evolution will result in higher engagement in the practices of science and at least 
equivalent conceptual understanding of evolution compared to traditional instruction. 
Research Approach 
This study will address conceptual understanding of evolution. A convergent parallel 
mixed-methods design will be used, which involves collecting quantitative and qualitative data 
separately and then comparing the quantitative results with in-depth qualitative data. In the 
quantitative part of the study, Concept Inventory of Natural Selection (CINS) instrument 
(Anderson, Fisher & Norman, 2002) data will be collected from undergraduate students in an 
introductory non-science majors biology course at a small community college both before and 
after the unit. This data will be used to assess whether incorporating science practices through 
MBI relates to conceptual understanding of evolution (Figure 1). The qualitative facet will be 
conducted throughout and following the unit by collecting student artifacts and conducting semi-
structured interviews to help further understand the alternate path students took to reach 
satisfactory understanding. Qualitative data will be compared with quantitative data to determine 
if students from both groups achieved a similar conceptual understanding of evolution, and to 
determine the extent to which intervention students engaged in the practices of science. 
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Figure 1. Diagram depicting intervention and control groups in terms of conceptual 
understanding. Hypothesized effects are indicated as positive (+). 
Theoretical Perspective 
The theory driving this study is social constructivism, which was developed in part from 
Lev Vygotsky's sociocultural theory (Vygotsky, 1981). Sociocultural theory is an explanation for 
how people learn, specifically that “social experience shapes the ways of thinking and 
interpreting the world” (Jaramillo, 1996, pg. 135). When students interact with each other in a 
collaborative setting, they share their experiences and prior knowledge with each other. In this 
way, students learn from more knowledgeable peers, and from those with a different perspective. 
Each individual benefits from the group; in effect, “two heads are better than one.” This theory 
holds significant contribution to social constructivism. Constructivism as a whole is a spectrum 
of theories, which at the core posit that learners develop their own understanding of the world 
based on experiences and beliefs; since each individual has unique experiences, each individual’s 
conception of the world is unique. New knowledge is constructed within the context of existing 
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ideas. Social constructivism incorporates Vygotsky's sociocultural theory within constructivist 
theory and hypothesizes that students are better able to negotiate new information and construct 
knowledge when they work collaboratively in a student-centered setting. By taking a social 
constructivist perspective to one’s teaching and allowing students to share their experiences and 
ideas with each other, more opportunities arise for problem solving and sensemaking than when 
students work individually. 
Hodson and Hodson (1998) provide a compelling argument for moving from individual 
construction of knowledge to social constructivism. When individual sense-making is 
emphasized, student ideas are reinforced regardless of scientific knowledge and consensus. “In 
short, anything is allowed to count as science if it constitutes ‘understanding of the world’ in 
terms meaningful to the learner and is based on arguments convincing to the learner” (Hodson & 
Hodson, 1998, pg. 34). In addition, constructivism in the context of individual learning ignores 
the possibility of individual students possessing multiple schema, each appropriate to separate 
social settings (Driver, Asoko, Leach, Mortimer, & Scott, 1994). Vygotsky argued that language 
and talk result in cognitive development. This is echoed in the ideas of productive discourse: 
“Learning is a result of thinking. Certain forms of classroom talk stimulate thinking” (Ambitious 
Science Teaching, 2015, pg. 1). Productive forms of classroom talk center around student-to-
student discourse. However, much postsecondary education is based on individual learning. By 
allowing for social collaboration and knowledge construction, student learning is promoted and 
postsecondary science could be improved. 
Social constructivism has been implemented in research focused on everything from 
mobile technology learning (Thinley, Geva, & Reye, 2014), to mathematics education (Nesher, 
2015), to academic writing for English Language Learners (McKinley, 2015). In the context of 
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science education, social constructivism has many applications. Atwater (1996) asserts the 
importance of research into social constructivism incorporated into multicultural science 
education. Since schema are constructed from cultural experiences, and scientific schema are 
reconstituted from these cultural schema, it is important to understand how multicultural students 
construct knowledge to build schema to understand science concepts. In a tenth grade integrated 
science classroom, Richmond (1996) found that when students worked collaboratively to 
construct an argument, the construction of sophisticated arguments was improved and social 
roles organically developed, which affected the development of scientific understanding. It was 
concluded that knowledge construction was dependent on student collaboration in a group setting 
under inclusive peer leadership. Furthermore, levels of engagement rose in inclusive groups, 
supporting Jaramillo’s (1996) claim that more students are able to actively participate and share 
their ideas in a student-centered social constructivist classroom environment. More recently, 
Karahan (2015) “investigated the impacts of the learning processes structured based on the 
theories of constructionism and social constructivism on students’ environmental awareness and 
perceived need for activism” (pg. 103). High school environmental science students showed 
improved environmental awareness and perceptions of the need for activism after completing 
collaborative projects as well as participating in discussions, polls, and information sharing via 
social networking. These results indicate that students were not only able to construct 
knowledge, but also to transfer that knowledge into action. Social constructivism provides a 
useful theoretical perspective for this study and there is precedent for science education research 
under this paradigm. 
MBI encourages collaborative learning in a student-centered classroom setting. Existing 
student ideas are elicited and tested throughout the unit by engaging in the practices of modeling, 
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explanation, and argumentation. By examining each other’s ideas alongside their own, students 
are exposed to explanations that arise from different experiences and beliefs. When presented 
with evidence and asked to develop an explanation, students are essentially asked to construct 
new knowledge that builds upon previous ideas (their own as well as their peers’ ideas). The 
practices of science assist in the development of conceptual understanding (Konicek-Moran & 
Keely, 2015). Therefore, under the assumptions of social constructivism, MBI should increase 
conceptual understanding of science topics. To conclude, because “scientific knowledge is 
socially constructed, validated, and communicated” (Driver at al., 1994, pg. 11), and MBI 
provides an instructional model for enabling students to socially engage in scientific practices 
and effectively construct new knowledge, MBI is expected to improve conceptual understanding 
of evolution in the intervention group in this study. 
Definition of Terms 
Code. A word, short phrase, or numeral that “symbolically assigns a summative, salient, 
essence-capturing, and/or evocative attribute for a portion of language-based or visual data” 
(Saldana, 2016). 
Constructivism.  A collection of theories, which at the core posit that learners develop 
their own understanding of the world based on experiences and beliefs (Jaramillo, 1996). 
Discourse. Written or spoken communication or debate. 
Instructional model. A framework for instructional planning and implementation. 
Inquiry. An instructional strategy which involves students engaging in science by asking 
questions, designing investigations, gathering and analyzing data, drawing conclusions, and 
sharing their results (Crawford, 2014). 
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Model-Based Inquiry. A recently developed instructional unit design that allows 
students to interact with science concepts through engagement in science practices. Specifically, 
Model-Based Inquiry (MBI) is “a system of activity and discourse that engages learners more 
deeply with content and embodies five epistemic characteristics of scientific knowledge: that 
ideas represented in the form of models are testable, revisable, explanatory, conjectural, and 
generative" (Windschitl, Thompson, & Braaten, 2008, p. 941).  
Sensemaking. To make sense of new information. 
Schema. An abstract representation of knowledge, skills, and conceptions that a person 
possesses; a unit of “understanding that can be hierarchically categorized as well as webbed into 
complex relationships” with other schema (East Tennessee State University, n.d., What is a 
schema?, para. 1). 
Science literacy. The skills and knowledge necessary to do science (AAAS, 1989). 
Social constructivism. A theory which posits that students are better able to negotiate 
new information and construct knowledge when they work collaboratively in a student-centered 
setting (Jaramillo, 1996). 
Three dimensional learning. Learning which involves the three dimensions, or facets, of 
science education: science and engineering practices, crosscutting concepts that have common 
applications across fields, and core ideas within each discipline (NRC, 2012). 
Review of the Literature 
The purpose of this review is to bridge previous works on individual science practices to 
Model-Based Inquiry (MBI), highlight literature about MBI, and identify gaps in the literature 
relating to the effectiveness of MBI at the postsecondary level. MBI is an epistemically 
congruent instructional design for improving student understanding of science concepts through 
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engagement in the practices of science. Implementing MBI develops scientific literacy by 
engaging students in authentic practices of science and therefore increases understanding of the 
way science works and happens (Windschitl, Thompson, & Braaten, 2008). The science 
practices of modeling, explanation, and argumentation are central to MBI instruction (Passmore, 
Stewart, & Cartier, 2009). These three practices are reviewed individually, with a description of 
each practice and research completed in K-12 and postsecondary education. Implications and 
limitations of each practice are discussed. This is followed by a review of studies addressing 
MBI and the role of each reviewed practice in MBI instruction.  
Science Practices 
Recently, new standards were proposed to improve science education in the United States 
(NGSS Lead States, 2013). The framing of these standards suggest that “from its inception, one 
of the principal goals of science education has been to cultivate students’ scientific habits of 
mind, develop their capability to engage in scientific inquiry, and teach them how to reason in a 
scientific context” (National Research Council, 2012, p. 41). Unfortunately, traditional science 
education has involved limited exposure to these scientific habits. To fully understand science, a 
student must develop skills and practices as well as content knowledge (Windschitl et al, 2008). 
Science is more than just a body of facts, it is a way of knowing; a process in which scientists 
use data and evidence to develop claims about the natural world. This involves practices such as 
developing and using models, constructing explanations, and engaging in argumentation from 
evidence, among others (Table 1). In A Framework for K-12 Science Education (NRC, 2012), 
science practices are defined as knowledge and skills simultaneously, which are used to 
establish, extend, and refine our understanding of the natural environment. Students of all ages 
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and experience must have the opportunity to engage in science practices to develop scientific 
literacy and an accurate understanding of scientific inquiry (Windschitl et al., 2008). 
Table 1.  
The Science Practices Described in A Framework for K-12 Science Education (NRC, 2012)  
Practice Description 
Asking Questions and 
Defining Problems 
A practice of science is to ask and refine questions that lead to 
descriptions and explanations of how the natural and designed world 
works and which can be empirically tested. 
Developing and Using 
Modelsa 
A practice of both science and engineering is to use and construct 
models as helpful tools for representing ideas and explanations. 
These tools include diagrams, drawings, physical replicas, 
mathematical representations, analogies, and computer simulations. 
Planning and Carrying 
Out Investigations 
Scientists and engineers plan and carry out investigations in the field 
or laboratory, working collaboratively as well as individually. Their 
investigations are systematic and require clarifying what counts as 
data and identifying variables or parameters. 
Analyzing and 
Interpreting Data 
Scientific investigations produce data that must be analyzed in order 
to derive meaning. Because data patterns and trends are not always 
obvious, scientists use a range of tools—including tabulation, 
graphical interpretation, visualization, and statistical analysis—to 
identify the significant features and patterns in the data. Scientists 
identify sources of error in the investigations and calculate the degree 
of certainty in the results. Modern technology makes the collection of 
large data sets much easier, providing secondary sources for analysis 
Using Mathematics 
and Computational 
Thinking 
In both science and engineering, mathematics and computation are 
fundamental tools for representing physical variables and their 
relationships. They are used for a range of tasks such as constructing 
simulations; statistically analyzing data; and recognizing, expressing, 
and applying quantitative relationships. 
Constructing 
Explanations and 
Designing Solutionsa 
The products of science are explanations and the products of 
engineering are solutions. 
Engaging in Argument 
from Evidencea 
Argumentation is the process by which explanations and solutions are 
reached. 
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Obtaining, Evaluating, 
and Communicating 
Information 
Scientists and engineers must be able to communicate clearly and 
persuasively the ideas and methods they generate. Critiquing and 
communicating ideas individually and in groups is a critical 
professional activity. 
Note. Adapted from “Science and Engineering Practices,” by National Science Teachers 
Association, 2014, retrieved from http://ngss.nsta.org 
aPractices explored in this review of the literature are indicated. 
One intended outcome of being a scientist is to discover new knowledge (Osborne, 
2014). A science student has no such illusions of grandeur, but rather has the goal of 
understanding existing knowledge. Thus, inquiry methods in the classroom serve a greater 
purpose when employed to develop not only content knowledge, but also knowledge about 
procedures, constructs, or epistemic criteria. Inquiry should help students gain a deep 
understanding and appreciation for science, not just methods and facts. The issues with teaching 
inquiry boils down to a problem of communication, a lack of common language used to describe 
inquiry (Osborne, 2014).  
Inquiry has an extensive history in science education, and there has been an equally long 
debate about what it means to do inquiry (Crawford, 2014). Many educators incorrectly define 
inquiry as simply doing “hands-on” activities. On the other end of the spectrum are educators 
who assume open inquiry is the ultimate goal of all science classrooms. In reality, inquiry 
encompasses practicing science as scientists do, and this varies by discipline, but always 
involves using data and evidence to develop claims about the natural world. Sometimes this 
involves hands-on laboratory activities, sometimes it includes open inquiry when students 
develop their own questions and investigations; but neither of these definitions universally or 
entirely describe inquiry (Crawford, 2014). 
EFFECTS OF MODEL-BASED INQUIRY   
12 
 
Active learning has received much attention in postsecondary education and has been 
empirically shown to improve student scores on examinations and concept inventories when 
compared to traditional lecture (Freeman et al., 2014). Active learning is broadly defined as the 
process by which students participate in and contribute to their own learning, problem solve, and 
reflect on their thinking (Michael, 2006). This is yet another term that can be easily 
misunderstood or misinterpreted. Osborne (2014) offers an argument that teaching science 
through practices, as outlined in the Framework (NRC, 2012), allows for inquiry teaching and 
overcomes many of the pitfalls associated with inquiry teaching in the past. I argue that these 
practices offer a succinct teaching and learning modality which can successfully be implemented 
in postsecondary science education to improve scientific literacy in adult students. A description 
of each practice is presented with research completed in K-12 and postsecondary education. 
Modeling. Conceptual models are analogous, explicit representations of a phenomenon 
(NRC, 2012). In addition, a model "should be explanatory and predictive, be consistent with 
prior knowledge, be dynamic, be assessed on a continual basis for reliability with current theory 
and experimental data, allow for the possibility of multiple acceptable models for the same 
phenomenon, and act as a guide to future research" (Ruebush, Sulikowski, & North, 2009, p. 19). 
While other forms of models do exists and are practiced by scientists, such as mental and 
mathematical models, the focus here and for MBI is on conceptual, often pictorial, models 
(Windschitl, Thompson, & Braaten, 2008). By focusing this way, students are encouraged to use 
their models to make sense of the world in the context of a certain phenomenon. The practice of 
modeling in the classroom refers to a student or group of students constructing models as 
representations of events or systems, and using that model to explain or predict phenomena 
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(NRC, 2012). Below I will provide examples of studies focusing on the practice of modeling at 
the K-12 and postsecondary levels. 
In K-12 education. Two dimensions of modeling are described by Schwarz et al. (2009): 
models as predictive and explanatory tools, and that models change with developing 
understanding. When engaged in modeling, 5th and 6th grade students progressed in both 
dimensions of the practice. Students were able to revise models to be increasingly accurate and 
include powerful causal mechanisms, and use their models to predict novel phenomena. In 
addition, students became increasingly adept at the practice of modeling itself, shifting from 
illustrative to explanatory models and developing reasons for revising models. Modeling is 
shown to be a useful tool for understanding and explaining natural phenomena accessible to 
elementary and middle school students. 
Additionally, in a study of third grade students, Manz (2012) found that modeling of 
ecological processes in a wild backyard area facilitated the development of meaning about 
patterns seen in plant growth patterns. A simultaneous, coordinated development of both 
modeling skills and knowledge of ecology was observed. As the above two example studies 
show, sense-making can be achieved in beginning scientists in early grades by implementing 
successful modeling practice in the classroom. 
Likewise, the presentation of models to 11th-grade chemistry students aided in the 
development of conceptual understanding of the structure of atoms and molecules when students 
explored multiple analogous models and evaluated their ability to explain the behavior of matter 
(Harrison & Treagust, 1998). However, this study did not address the practice of modeling, 
merely the presentation of existing models as instructional tools. Passmore and Stewart (2002) 
provide a detailed account of the development of a 9-week model-based high school course in 
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evolutionary biology. Extensive qualitative data is presented to describe what is meant by 
understanding of evolution, but this was not an empirical study and the researchers did not 
attempt to measure conceptual understanding. More work is needed in secondary science 
education to understand the role of modeling in the development of conceptual understanding in 
upper secondary science students. 
In postsecondary education. Student engagement in the practice of modeling is seldom 
examined in postsecondary education. An experiment using a physical model was conducted on 
73 undergraduate science students in one 3-hour laboratory period (Ruebush, Sulikowski, & 
North, 2009). Students were given a black box and asked to pour water into the box using a 
funnel, and observe. Once observations were collected, students created a pictorial model of the 
inside of the box. Significant gains in composition, explanatory and predictive nature, 
determination of limits and validity, and various representations in students models were found. 
While it was concluded that this single modeling exercise deepened student understanding of 
scientific modeling and by extension students gained the skill necessary to understand complex 
science content, the students "did not show a conceptual gain in the area of the dynamic nature 
and falsifiability of models or the possibility of having multiple acceptable models" (Ruebush et 
al., 2009, p. 22). In addition, this experiment did not engage students in the practice of modeling 
as described by the Framework (NRC, 2012), such as comparison of various models, and did not 
provide students with the opportunity to use models to explain or predict a natural process or 
phenomenon.  
Speth et al. (2014) implemented a model-based pedagogy throughout a semester-long 
introductory biology course. Students constructed pictorial models to show their understanding 
of genetic variation, phenotypic variation, and fitness in populations in several case studies. 
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These models were evaluated for their accuracy and ability to explain molecular causal 
mechanisms for variation and evolution. Through repeated modeling of various phenomena, 
student models became more detailed, more parsimonious, and more accurate. These findings are 
promising; however, since only one section was included, the role of modeling on development 
of student conceptual understanding cannot be determined. In addition, Speth et al. (2014) did 
not describe reiterative modeling of the same phenomena and recognize that continuous feedback 
may further improve student modeling and understanding of processes and mechanisms 
explained in models. The practice of modeling to explain and predict phenomena, including 
revision of models and evaluation of models against alternatives, has not been studied in 
postsecondary science education.  
Implications and limitations. Modeling can be a powerful exercise in displaying student 
thinking (Windschitl, Thompson, & Braaten, 2008) and as a generative tool to explain and 
predict phenomena (Schwarz et al., 2009). However, it is a frequently misconceived topic; 
modeling is more than just making a scale model or drawing a diagram. The practice of 
modeling should be utilized in carefully planned learning progressions to provide context 
(Schwarz et al., 2009). Ruebush, Sulikowski, and North (2009) also noted that college students, 
despite having collectively generated several plausible models for a phenomenon, were unable to 
grasp the possibility of multiple correct models. This may be a relic of students’ prior 
conditioning in expecting a single correct answer or single scientific method in science. Thus, 
both dimensions, the nature as well as the practice of modeling, must be taught (Schwarz et al., 
2009). 
Explanation. The practice of explanation is defined as “explicit applications of theory to 
a specific situation or phenomenon, perhaps with the intermediary of a theory-based model for 
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the system under study” (NRC, 2012, p. 52). Construction of an explanation occurs when 
scientists or students use evidence and theory to describe the processes underlying some 
phenomenon, or event, in nature. Powerful explanations involve causal mechanisms. These 
explanations are the product of science, used for understanding the nature of current phenomena, 
inferring details about past events, and predicting future events (NRC, 2012). When students 
engage in explanation, they develop a deeper understanding of concepts and causal mechanisms, 
and are better equipped to transfer knowledge to explain new phenomena. 
In K-12 education. When students construct an explanation for themselves, they are 
more successful at understanding content (Chi et al., 1994). Building on previous work 
examining spontaneous explanation by college physics students (Chi et al., 1989), Chi et al. 
(1994) studied the effects of prompted explanation. In eighth grade biology, students were asked 
to read a textbook passage about the circulatory system and prompted to explain the meaning of 
individual sentences as well as the structure, function, and behavior of components of the 
circulatory system. This practicing of explanation was shown to have a significant and positive 
effect on learning these concepts, independent of ability. When students are encouraged to 
explain what they are learning, they develop a more complete and deeper understanding of the 
material, which translates to higher scores on assessments. Chin and Brown (2000) found that 
eighth grade students who exhibited deeper thinking were constructing causal explanations. 
These findings suggest that teachers can scaffold deeper thinking and understanding by 
prompting students to explain mechanisms during activities.  
Explanation is the product of science; scientists seek to provide explanations of processes 
and phenomena. To be engaged in authentic practices of science, students must also be able to 
explain processes and phenomena. Braaten and Windschitl (2011) argue that explanation is 
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necessary to improve science education. Specifically, a clear definition of explanation as a 
practice must be implemented to meet the goals of science reform documents such as Science for 
All Americans (1989), Benchmarks for Science Literacy (AAAS, 1993), and the Framework 
(NRC, 2012). Unfortunately, scientific explanation is poorly understood by educators and 
researchers. In response, Braaten and Windschitl (2011) summarize concepts of explanation in 
the literature, to which many educators turn when they look to improve or expand their practice. 
These concepts include explanation as explication, explanation as causation, and explanation as 
justification. For explanation to become a norm in science classrooms, explanation must be 
clearly articulated to educators. Specifically, moving from "what" explanations which describe a 
phenomenon to "how" or "why" explanations which provide causation is a particularly powerful 
method of advancing science practice in the classroom. 
In postsecondary education. These benefits are also measurable in adult students. 
Engaging students in constructing explanations has been shown to improve student 
understanding in an undergraduate chemistry course (Teichert & Stacy, 2002). In an empirical 
study, non-chemistry majors were split between two groups. The intervention group participated 
in two discussions where students were asked to explain their thinking about topics in 
thermodynamics. The control group also participated in discussions but topics were explained to 
them by an expert. Students who received the intervention outperformed their peers in the 
control group on the thermodynamics portion of the American Chemical Society standardized 
test. Interviews also indicated a deeper level of understanding in students who were in the 
intervention group when compared to the control group.  
Implications and limitations. Rittle-Johnson and Loehr (2016) describe four constraints 
on student explanation techniques for sensemaking. First, certain learning domains benefit more 
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than others from explanation. These include those guided by general principles and heuristics. 
Generally, explanation improves transfer of causal mechanisms but decreases recall of details. 
Secondly, the type of information being explained can constrain the effectiveness. In particular, 
explanation of a phenomenon when misconceptions exist simply draws attention to these 
incorrect ideas and reinforces them. Third, the prompt issued to students can affect the type of 
information gleaned from explanation. Rittle-Johnson and Loehr (2016) hypothesize that why-
explanation prompts promote understanding of concepts and causal mechanisms, while how-
explanation prompts promote procedural understanding. Lastly, explanation involves a large 
time constraint. More work is needed to determine if other instructional methods which require 
less time can achieve the same benefits. 
If introduced sloppily, explanation may even inhibit learning (Rittle-Johnson & Loehr, 
2016). The proclivity of student explanation to reinforce misconceptions asserts the importance 
of balancing learning with other practices, particularly argumentation, to developing correct 
ideas while sensemaking. Despite these existing issues, explanation does improve many aspects 
of learning. Of particular interest for MBI is the role of explanation in improving transfer and 
understanding of causal mechanisms (Chin & Brown, 2000), and development of deeper 
conceptual understanding (Teichert & Stacy, 2002). 
Argumentation. Argumentation in science is a mode of discourse in which scientists use 
evidence in an attempt to convince others of the merits of their claim:  
Scientists must defend their explanations, formulate evidence based on a solid foundation 
of data, examine their own understanding in light of the evidence and comments offered 
by others, and collaborate with peers in searching for the best explanation for the 
phenomenon being investigated (NRC, 2012, p. 52).  
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Scientists use evidence and data to support the causal explanations they make, the models they 
construct, and/or the conclusions and claims they make. The use of evidence must be justified so 
it is clear why the evidence supports the claim offered. The logic must be sound and show the 
evidence to be “valid, relevant, sufficient, and convincing enough to support a claim” (Sampson, 
Grooms, & Walker, 2011, p. 220). Argumentation and explanation are closely connected in that 
argumentation is the practice of engaging in discourse to explain, defend, and reason one's 
explanation.  
Engaging in argumentation has multiple benefits for students by supporting access to 
cognitive processes experts use such as logical reasoning and persuasion, developing critical 
thinking skills, helping students achieve scientific literacy, integrating students into scientific 
culture, and developing reasoning skills (Driver, Newton, & Osborne, 2000; Erduran & Jiménez-
Aleixandre, 2007). Unfortunately, science in the classroom rarely matches the argumentation 
practices of practicing scientists (Bricker & Bell, 2008). 
In K-12 education. Argumentation skills can be successfully developed in elementary 
students. According to McNeill (2011), fifth grade students improved their understanding of 
argumentation, evidence, and explanation, and their ability to construct arguments over the 
course of a unit. The unit incorporated various continuous instructional strategies including: 
framework discussion, modeling and critique examples, connecting to everyday arguments, 
feedback, peer critique, and whole-class debate. Though learning to argue as a scientist can be a 
struggle even for secondary students, it is clear that in a classroom designed to support 
argumentation, elementary students can learn what counts as evidence and reasoning, and how to 
use these to construct an argument (McNeill, 2011).  
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Argumentation practices of students may also be improved through a shift in teacher 
questioning. In a two-year longitudinal study, a shift from procedural questioning strategies to 
strategies in which teachers elicit student ideas and reasoning resulted in an increase in student 
voice, and improved quality of argumentation practices (Martin & Hand, 2009). By shifting the 
classroom culture from teacher-centered to student-centered, and allowing students to argue with 
appropriate instructional supports, even young students are capable of producing high quality 
scientific arguments. 
Sampson, Enderle, Grooms, and Witte (2013) build a compelling case for argumentation 
through Argument-Driven Inquiry (ADI), an instructional model that heavily utilizes 
argumentation. The effects of ADI as a mechanism for developing argumentation skills and 
content knowledge in middle and high school students was tested over an entire school year. 
Students’ written argumentation skills and science content knowledge increased over their peers’ 
from a control group. The promising results from ADI studies suggest structured argumentation 
is a mechanism for improved development of content knowledge (Sampson et al., 2013). 
In postsecondary education. Preliminary research in postsecondary science education 
shows promise in engaging students in argumentation as well. Incorporating argumentation in a 
community college General Chemistry curriculum deepened conceptual understanding, 
improved argumentation skills, and increased attitudes toward science, particularly in female 
students (Walker, Sampson, Grooms, Anderson, & Zimmerman, 2012). While these findings are 
promising, more work is needed to understand the role of argumentation in developing 
conceptual understanding in postsecondary education classrooms. 
Implications and limitations. Students are able to construct an understanding of the 
natural world when they are given opportunities to “socially construct, and reconstruct, one’s 
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own personal knowledge through a process of dialogic argument” (Driver, Newton, & Osborne, 
2000, p. 298). There are two views of argumentation: the Toulmin model (and its derivatives) 
and the model-based view (Kelly, 2014). In the Toulmin model, an arguer uses data to support a 
thesis, and states the warrants, or the logic behind the argument. This view has been prevalent in 
science education, but is a narrow model with noted shortcomings. In particular, using the 
Toulmin model or its derivatives, students tend to only provide one-sided arguments and struggle 
with linking ideas together (Sampson & Clark, 2008). The model-based view involves the 
evaluation of competing models (Kelly, 2014). Though less semantic, this mode of 
argumentation is highly realistic to the way science is actually done. Model-based argumentation 
allows students to examine empirical data and apply data to different models in an attempt to 
find the best “fit”. In MBI, students critique models and argue for support of the model that best 
fits the evidence, using model-based argumentation. More empirical work is needed to 
understand the effects of argumentation in postsecondary education. 
Model-Based Inquiry 
Windschitl, Thompson, and Braaten (2008) introduce Model-Based Inquiry (MBI) as an 
alternative to the ineffective use of the scientific method to teach science. They define MBI as "a 
system of activity and discourse that engages learners more deeply with content and embodies 
five epistemic characteristics of scientific knowledge: that ideas represented in the form of 
models are testable, revisable, explanatory, conjectural, and generative" (Windschitl, Thompson, 
& Braaten, 2008, p. 941). MBI allows students to test ideas rather than simply make predictions, 
and focuses learners on deeper conceptual knowledge than the traditional inquiry approach. 
Passmore, Stewart, and Cartier (2009) presented an additional rationale and framework 
for developing an MBI curriculum (Figure 2). Their framework is centered around models, 
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which are nested, along with data patterns, within explanation. Both models and explanations 
undergo assessment based on conceptual criteria, empirical criteria, or both. These models and 
explanations are used to view and understand phenomena and the natural world. This framework 
allows students to act as scientists do: designing, assessing, revising, and using models; 
constructing explanations; and engaging in argumentation. MBI addresses present concerns in 
science education and the teaching of authentic scientific inquiry, and presents an instructional 
design that enables students to learn about science in an applicable way and develop scientific 
literacy (Passmore, Stewart, & Cartier, 2009).  
 
Figure 2. A framework for Model-Based Inquiry and the flow of information. Adapted from 
Passmore, Stewart, and Cartier (2009). 
Bogiages and Lotter (2011) provide a description of a successful 5-day MBI unit on 
evolution in a high school biology class. The unit begins with students discussing a formal 
definition of evolution, then recording what they know and what they do not know about 
evolution. Students then construct initial models in the form of concept maps which will later be 
revised and improved. In this way, student ideas are elicited. Throughout the unit, students are 
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given the opportunity to revise their models, research evidence for the causal mechanism of 
evolution (natural selection), and argue scientifically for the best model. Through engagement in 
these practices, “students made tremendous gains in their level of understanding of natural 
selection, the process of evolution, and scientific modeling” (Bogiages & Lotter, 2011, pg. 40). 
Student comments also indicate a high level of engagement and feelings of ownership of ideas. 
The development of knowledge about evolution and skills gained through the practices of 
modeling, explanation, and argumentation in this study are examples of MBI improving 
students’ science literacy. 
Summary 
MBI is an effective instructional strategy for improving student understanding of science 
concepts (e.g. Passmore et al., 2009; Windschitl et al., 2008). Through the explicit and 
intentional implementation of key science practices, specifically modeling, explanation, and 
argumentation, MBI engages students in ways similar to authentic science (Windschitl et al., 
2008). Developing modeling skills and utility provides an effective tool for students to represent 
and understand natural phenomena (Manz, 2012; Schwarz et al., 2009) and complex or abstract 
concepts (Ruebush; Sulikowski, & North, 2009). The practice of constructing explanations 
allows students to develop a much deeper understanding of science concepts (Chi et al., 1994; 
Chin & Brown, 2000; Richmond, Parker, & Kaldaras, 2016). By engaging in scientific 
argumentation, students improve their conceptual understanding and scores on assessments 
(Martin & Hand, 2009; McNeill, 2011; Sampson, Enderle, Grooms, & Witte, 2013; Walker, 
Sampson, Grooms, Anderson, & Zimmerman, 2012). By implementing these practices in 
combination through the framework of MBI, student conceptual understanding is improved and 
deeper thinking is invoked. 
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The literature shows the science practices utilized through MBI are effective in K-12 
education, but there are gaps in postsecondary education research. There has been little work 
done to determine the effects of explanation, argumentation, and modeling in postsecondary 
education. MBI itself has never been studied in postsecondary education. Thus, the purpose of 
this study is to determine the effects of MBI on community college students’ conceptual 
understanding and engagement in the practices of science. 
Methods 
The purpose of this study is to better understand how Model-Based Inquiry (MBI), an 
instructional model that incorporates scientific practice into the classroom, affects the 
development of student conceptual understanding of evolution and engages students in the 
practices of science. The researcher examined the alternate route toward conceptual 
understanding of evolution that community college students took during a Model-Based Inquiry 
(MBI) unit, and objectively compared learning with a control class. Multiple methods were used 
to assess understanding of evolution, including qualitative analysis of student artifacts, 
qualitative interviews, and a quantitative instrument. This methodology is discussed in this 
chapter.  
In this convergent parallel mixed-methods study (Creswell, 2014), two classes 
participated in an evolution unit under different instructional models. Both quantitative and 
qualitative data were collected and analyzed. Mixed-methods research incorporates both 
quantitative and qualitative data collection, using distinct philosophical assumptions and 
theoretical frameworks for integrating the two forms of data. It is assumed that the combination 
of both types of data will provide a more complete understanding of the relationships between 
variables than either type of data can alone. This research approach has been described through 
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several terms such as integrating, synthesis, multimethod and mixed methodology (Creswell, 
2014), but here the term mixed methods is used. In a convergent parallel design such as this one, 
both quantitative and qualitative data are collect and analyzed separately, and then results are 
compared to draw conclusions (Figure 3). Quantitative data yields generalizable descriptive 
information, and qualitative data tends to yield explanatory information, particular to a situation. 
Together, these two distinguishable sources of information are expected to provide convergent 
information that describes a result and poses a causal narrative for this outcome. 
 
 
Figure 3. Schematic of the research design utilized in this study, in which QUAN indicates 
quantitative data collection or analysis, and QUAL indicates qualitative data collection or 
analysis. Adapted from “Research Design: Qualitative, Quantitative, and Mixed Methods 
Approaches (4th edition)” (p. 197), by J. W. Creswell, 2014, Thousand Oaks, CA: Sage 
Publications. 
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Two classes were assigned to two groups: an intervention group, which received MBI 
instruction, and a control group, which received traditional lab and lecture instruction. 
Quantitative data was collected through a multiple-choice concept inventory. This data was 
expected to provide information about students’ changes in conceptual understanding of 
evolution. Qualitative data was collected through the semi-structured interviews as well as 
student artifacts. This data provided contextualizing information which was expected to reveal 
the role of certain elements of MBI in any changes in students’ understanding of evolution and in 
engagement in the practices of science. 
Role of the Researcher 
As the instructor of the intervention class, the researcher had an involved role in the 
study. It is therefore necessary to establish the experiences and background of the researcher in 
order to determine the role of the researcher in analyzing and interpreting data. The researcher 
has five years teaching experience, three years at the community college level, and is a graduate 
student pursuing a Master’s degree in Science Teaching. Coursework in this degree program 
included explicit instruction in MBI instructional design. Trends in data and claims made 
regarding the research questions were evaluated by a committee composed of two educational 
researchers and a biologist. 
In the interests of transparency and anticipation of ethical issues, the study was submitted 
to the university institutional review board for review. Measures were taken to ensure potential 
participants understood that there would be no immediate benefits, but also minimal risks, and 
were assured that no consequences would occur if they chose not to participate in the project. 
The data was deidentified by a third party to reduce the risk of personal identification being 
linked to the disclosure of data and to further limit researcher bias. Intervention participants were 
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interviewed by a third party to avoid pressure to give favorable responses. This study was given 
exempt approval by the institutional review board (Appendix A). By receiving approval from the 
institutional review board, using quantitative and qualitative data sources to triangulate findings, 
deidentification of data, and vetting by a committee, these sources of bias and pressure on 
participants were mitigated.  
Participant Selection and Context 
The study sample was selected by convenience (Creswell, 1998) from among students at 
least 18 years of age enrolled in a biology laboratory course for non-science majors. Biology 
Concepts is a 100-level course many students take to fulfill lab science credit requirements. 
Enrollment is capped at 24 students per section. Potential participants were recruited from two 
sections of the course prior to commencement of a unit of study on evolution. Participants 
enrolled in Section 1 were assigned to the control group. Participants enrolled in Section 2 were 
assigned to the treatment group. The institution where research took place is a small, rural 
community college with a diverse student population in the western United States. Data was 
collected during the Spring 2017 semester. 
Section 1, the control group, consisted of 23 students who met twice weekly for 2.5 
hours. The instructor for the control group has over 20 years teaching experience at the 
community college level, and possesses a Master’s degree in Biology. The control group in this 
study was taught evolution in a traditional setting over approximately four weeks. Instructional 
methods included lecture, lab, and collaborative work. Lecture composed of approximately 60 
minutes of each 150 minute class meeting. The remaining 90 minutes were usually devoted to 
student lab work, which was performed in pairs or groups of up to four students.  
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Section 2, the intervention group, consisted of 17 students who met twice weekly for 2.5 
hours. The unit in this study (see Appendix B) had previously been taught by the instructor twice 
in previous semesters, undergoing revisions and adaptations to fit community college objectives 
and format. During the Spring 2017 semester, when data for this study was collected, the unit 
spanned four weeks. Students had learned about modeling and explanation in the previous unit 
and were expected to have basic skills in these two practices. Most assignments and labs were 
performed collaboratively in groups of three to four students. The instructor had actively 
attempted to create a student-centered classroom environment by limiting direct lecture, 
encouraging student discourse, and allowing student choice in assignments where possible. 
Collaborative assignments and lab work comprised of the majority of each class meeting. The 
same core labs were performed in both groups, and each class required the same textbook. 
Intervention 
The MBI intervention involves engaging students in collaborative discourse and the 
practices of science. The unit begins with the introduction of an anchoring phenomenon and an 
essential question about that phenomenon. For the current study, the phenomenon was the 
evolution of Tiktaalik, a transitional fossil representing the transition between fishes and land 
tetrapods (Figure 4). This MBI unit (Appendix B) had been developed and improved over the 
course of two previous semesters. The essential question was: “What caused Tiktaalik, a fish, to 
develop tetrapod-like features?” This fishy phenomenon was introduced to the intervention 
group on the first day of the unit. Students were assigned to groups of three to four students of 
varied achievement and asked each group to construct a pictorial model showing their 
explanation of the Tiktaalik phenomenon. The student ideas elicited in this initial modeling 
session informed further instruction.  
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Figure 4. An artist’s recreation of Tiktaalik, a transitional fossil linking fish to land tetrapods. By 
Zina Deretsky, National Science Foundation (Courtesy: National Science Foundation) [Public 
domain], via Wikimedia Commons. 
Tasks such as hands-on labs and activities, including the core labs and textbook readings 
in common with the control group, as well as group and whole class discourse, supported student 
learning. One session included a gallery walk during which students viewed and critiqued group 
models from the class and were given time to make revisions to their own group models. The 
unit culminated in groups constructing a final causal model and individual students producing a 
written evidence-based explanation of the evolution of Tiktaalik. 
The scientific practices of modeling, explanation, and argumentation were implemented 
throughout the MBI unit (Figure 5). Students developed models and used them to represent and 
explain the anchoring phenomenon. Modeling is iterative in this instructional model. Supporting 
tasks and discourse provided students the content knowledge and experiences to construct 
thorough causal explanations of the phenomenon. Students read an article presenting an 
alternative explanation of the development of tetrapods - Creation - and used evidence collected 
in class to argue for their own explanation. The reading of and discussion of this alternative 
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explanation was useful for practicing argumentation by critically evaluating two competing 
explanations.  
 
Figure 5. The intervention MBI unit mapped by day, with predominant practices aligned with 
activities. 
Summative assessment for the MBI unit included final group models and individual 
written evidence-based explanations. Students were expected to be able apply causal 
mechanisms including both adaptive (natural selection) and nonadaptive (genetic drift and 
random mutation) evolution to explain the development of tetrapod-like features found in 
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Tiktaalik. Formative assessment included formal grading of lab assignments, peer-feedback on 
models, and informal evaluation of student responses during discourse. Since the same lab 
activities were performed by both groups, the focus of this study is the student work on models, 
development of explanations, and critique and evaluation of alternative explanations through 
argumentation and the sensemaking that may have occurred through student engagement in these 
practices of science. 
Instrument Selection and Validation 
Conceptual understanding of evolution. The Concept Inventory of Natural Selection 
(CINS) was used to measure conceptual understanding of evolution before and after the 
evolution unit of study. The CINS is a 20-item multiple choice instrument (Appendix C) that 
probes for common alternate conceptions, or misconceptions, by providing these as distractors 
(Anderson, Fisher, & Norman, 2002). The instrument was developed with intentional choices in 
semantics to avoid confusion and improve clarity on 10 topics related to the theory of natural 
selection: biotic potential, population stability, natural resources, limited survival, variation 
within a population, inheritable variation, differential survival, change in a population, origin of 
species, and origin of variation. The CINS was developed, tested, and validated in the context of 
non-biology majors classes at a community college. Therefore it is expected to be a reliable 
instrument for the purpose of this study. Quantitative data was too limited for accurate statistical 
analysis but serves a useful role in triangulation with qualitative data and thus aids in the validity 
of this study (Creswell, 2014). 
Student artifacts. Final student models were coded according to observed performances 
which indicate levels of understanding of models as generative tools for predicting and 
explaining, as described by Schwarz et al. (2009) and summarized below. Revised initial models 
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were consulted to determine changes in student models. Models were also used as evidence for 
development of conceptual understanding. 
Explanatory interview. A semi-structured interview protocol was developed and 
construct validity was confirmed by review from two expert science educators and researchers. 
This protocol (Appendix D) was designed to qualitatively assess the effects of various elements 
of MBI on understanding of evolution, as perceived by the students. This method was chosen for 
its power to allow the participants to provide their perspective and explain the elements of 
instruction that were effective for them. 
Data Collection 
Study participants from both groups were individually given the multiple-choice concept 
inventory (CINS) at or before the onset of the evolution unit, delivered through Google Forms. 
Participants then studied evolution during a unit spanning approximately four weeks. At the end 
of the unit participants took the same multiple-choice concept inventory (CINS). This data was 
deidentified by a third party, and analyzed to determine between pre- and post-instruction 
differences. Participants were asked to individually participate in a post-instruction, semi-
structured interview before the end of the semester on a volunteer basis. In the intervention 
group, final group models were coded according to a rubric developed by Schwarz et al. (2009). 
Interviews spanned 5-20 minutes for each participant. The interview was audio recorded, coded, 
and transcribed. 
Data Analysis 
Quantitative data analysis. Data from the CINS was scored by assigning a value of one 
to correct answers and a value of zero to incorrect answers. The differences between pre- and 
post-unit scores were calculated for each student. Data was analyzed by ignoring the assumption 
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of independence between observations and using parametrics (bootstrapping) to account for 
small sample size. In this study, we tested H0: δ = 0 vs. Ha: δ ≠ 0, where δ is defined as μc - μt and 
μc is the sample mean difference of the control group and μt is the sample mean difference of the 
treatment (intervention) group. The sample means between each group were determined to be 
distributed normally by Shapiro-Wilks testing, and also to have similar variance by F-testing, so 
a two-sample t-test of the bootstrapped data was used to test the null hypothesis that there is no 
significant difference between the groups and to establish a confidence interval and p-value at 
⍺=0.05. The statistics program RStudio was used to perform bootstrap resampling, and 
normality, variance, and hypothesis testing. 
Qualitative data analysis. Student models from the intervention group were coded 
according to a rubric (Table 2) designed to assess students’ understanding of models as 
“generative tools for predicting and explaining” phenomena (Schwarz et al., 2009, pg. 640). 
Codes directly correlate with levels so that a model which exhibits a higher level of 
understanding models as tools was coded as “4.” Initial models with revisions were consulted 
during the coding process to help ascertain construction of multiple models or student analysis of 
advantages and weaknesses of initial models as evidenced by significant changes in model 
structure from initial to final models. 
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Table 2 
Learning Progression Rubric 
Level Performances 
4 Students construct and use models spontaneously in a range of domains to help their own 
thinking. 
Students consider how the world could behave according to various models. Students construct 
and use models to generate new questions about the behavior or existence of phenomena. 
3 Students construct and use multiple models to explain and predict more aspects of a group of 
related phenomena. 
Students view models as tools that can support their thinking about existing and new 
phenomena. Students consider alternatives in constructing models based on analyses of the 
different advantages and weaknesses for explaining and predicting these alternative models 
possess. 
2 Students construct and use a model to illustrate and explain how a phenomenon occurs, 
consistent with the evidence about the phenomenon. 
Students view models as a means of communicating their understanding of a phenomenon 
rather than a tool to support their own thinking. 
1 Students construct and use models that show literal illustrations of a single phenomenon. 
Students do not view a model as tools to generate new knowledge, but do not see models as a 
means of showing others what the phenomenon looks like. 
 
Face-to-face interviews occurred within five weeks of the conclusion of the unit. 
Interviews were audio recorded and coded using an emergent coding system developed a 
posteriori to interviewing. Four themes were found and assigned the codes: RQ 1: Conceptual 
Understanding of Evolution, RQ 2: Engagement in Practices, Influence of Instructional Model, 
and Views of Doing Science. Each thematic code contained subcodes (Table 3). 
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Table 3 
Coding System for Semi-Structured Interviews 
Thematic Code Subcodes Representative Example 
RQ 1: 
Conceptual 
Understanding of 
Evolution 
• Moderate to high 
understanding 
• Low 
understanding 
“I think I learned more of what can happen 
versus what did happen. Because I mean as 
one thing does happen, everything is 
happening currently still and things are still 
changing at a rapid movement...” (Moderate 
to high understanding) 
RQ 2: 
Engagement in 
Practices 
• Understanding 
predictive and 
explanatory role of 
models 
• Student 
engagement in 
modeling 
• Understanding 
explanation 
• Confidence in 
explaining 
phenomena 
• Argumentation for 
best explanation/ 
solution 
• Argumentation as 
collaboration 
“Yeah, the models for sure [were helpful]. 
Especially me myself getting down in to 
draw it, once I did have the idea and know 
what I was doing, actually drawing it really 
did help me understand, um, you know, the- 
the steps it took to be able to get to Tiktaalik, 
you know?” (Student engagement in 
modeling) 
Influence of 
Instructional 
Model 
• Coherence 
• Depth 
• Allow for 
collaboration 
• Ownership of 
ideas 
• Reference 
• Desired elements 
“Um, well we got to look like more in-depth 
to how creatures adapt and change to their 
environment depending on the need and 
necessity for it, and, um… [clears throat] I 
guess I’ve never really experienced that in 
other science classes because we didn’t go 
sup- like, we kinda learned about the concept 
of evolution but we didn’t learn about all the 
factors that you know change a creature over 
time.” (Depth) 
Views of Doing 
Science 
• Discrepancies 
between students 
and scientists 
“[The goal of science is] To get the basics 
down! [laughs] So I don’t- you know what I 
mean, so I know at least what- how stuff 
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• Collaboration to 
pool knowledge 
• Collaboration to 
pool perspectives 
works. Just the gist of it.” (Discrepancies 
between students and scientists) 
 
The first thematic code, “RQ 1: Conceptual Understanding of Evolution”, was used to 
organize data that provided evidence of the students’ conceptual understanding of evolution. 
This data was magnitude subcoded (Saldana, 2016) to indicate either low or moderate to high 
conceptual understanding. Data for this research question was primarily obtained through the 
CINS and student models, as the interview protocol did not probe for conceptual understanding 
explicitly. As a result, this code was not found in all interviews. 
Engagement in the practices of science was determined in large part through interviews. 
The second thematic code, “RQ 2: Engagement in Practices”, was found throughout all 
interviews. This theme was organized further into subcodes relating to concepts. The subcode 
“Understanding predictive and explanatory role of models” was used to describe responses that 
indicated higher level understanding of models as tools for explaining and predicting 
phenomena. “Student engagement in modeling” was used to indicate student responses 
describing their own modeling. “Understanding explanation” indicated a response which showed 
an understanding of explanation as the goal or product of science. “Confidence in explaining 
phenomena” indicated a response from a student describing their comfort in explaining 
phenomena; this subcode was used for responses of both high and low confidence. When 
participants described the role of argumentation for finding a better explanation or solution, the 
response was subcoded “Argumentation for best explanation/ solution.” Finally, “Argumentation 
as collaboration” described responses which showed participant understanding of the 
collaborative role of argumentation.  
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The thematic code “Influence of Instructional Model” described responses which 
indicated a positive or negative influence of various elements of either MBI or traditional 
instruction. These influences included coherence within the unit, depth of thinking, elements that 
allow for collaboration, ownership of ideas from participating in activities, and reference tools 
from elements of MBI. Student responses also emerged indicating desired elements of either 
instructional model such as more or less lecture, and more context or coherence.  
A surprising theme emerged involving student views of doing science, the fourth 
thematic code. These views involved differences in the way students attribute collaboration to 
themselves and to scientists. The subcode “Discrepancies between students and scientists” was 
used, often simultaneously with other subcodes, to highlight student responses which indicated 
disparate views of the way science is practiced by students versus scientists. “Collaboration to 
pool knowledge” indicated students’ descriptions of collaboration or group work for the purpose 
of sharing knowledge to develop the right answer. “Collaboration to pool perspectives” was 
conversely used to indicate students’ descriptions of collaboration for the purpose of sharing 
perspectives and gaining new insights into a problem. 
This coding system was used to identify interview segments of interest to this study. Only 
these segments were transcribed and used in analysis. Six interviews total were acquired: four 
from the intervention group and two from the control group.  
Summary 
A convergent parallel mixed-methods design was used to collect both quantitative and 
qualitative data. This data was used to examine the effects of MBI on student conceptual 
understanding of evolution as well as student engagement in the practices of modeling, 
explanation, and argumentation. The sources of data were the CINS, a multiple choice 
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instrument given before and after the evolution unit; student artifacts, specifically initial and final 
group models from the intervention group; and semi-structured interviews performed after the 
completion of the evolution unit. The CINS was graded by correct and incorrect answers only. 
Group models were coded according to the learning progression rubric developed by Schwarz et 
al. (2009). Interview responses were coded according to an emergent system which identified 
four main themes: Conceptual Understanding of Evolution, Engagement in Practices, Influence 
of Instructional Model, and Views of Doing Science.  
Findings 
To examine the effects of MBI on conceptual understanding, convergent parallel mixed-
methods were used. Quantitative data was collected before and after the unit, and qualitative data 
was collected throughout and after the unit. By correlating these two data types a more complete 
understanding of the path toward understanding and sensemaking emerged. The effects of 
interest to this study included any gain in conceptual understanding compared to a control class, 
and student engagement in the practices of science, particularly modeling, explanation, and 
argumentation. Data sources were the Concepts Inventory of Natural Selections (CINS), student 
artifacts, and semi-structured interviews. 
Research Question 1: Does MBI Affect Conceptual Understanding of Evolution? 
Differences between pre- and post-assessment scores on the CINS were similar between 
groups (intervention: ?̅?=0.04, sd=0.13; control: ?̅?=0.1, sd=0.19). Since the data only included 
one sample (class) per group (intervention and control), statistical analysis cannot be done 
without violation of assumptions. However, if lack of independence between observations is 
ignored and limitations on sample size are accounted for by use of parametrics (resampling by 
bootstrapping), a two-sided two-sample t-test can be done. This test yields a small p-value (p < 
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0.001) indicating there is a statistically significant difference in means between groups. This 
difference, however, is small (0.04 points) and in practice would not be considered significant. 
The CINS only assessed student understanding of evolution by natural selection, an 
adaptive mechanism. Student artifacts provide further evidence of conceptual understanding of 
evolution through both adaptive and nonadaptive mechanisms. In particular, Group 5’s final 
model shows an improved conceptual understanding of the interactions between the environment 
and traits within an organism (Figure 6).  
 
Figure 6. Lower left-hand section of the concept map from Group 5’s final model, showing an 
example of understanding of relationships between components involved in the phenomenon, 
namely, traits and the environment. 
The detailed causal relationships between the traits of Tiktaalik and the interaction with the 
environment show evidence of a deeper understanding of the essential question than at the onset 
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of the unit. All groups were able to describe natural selection as an adaptive mechanism and 
mutation as a nonadaptive mechanism for evolution in their final models. Group 2 summarized 
these mechanisms in their final model (Figure 7). 
 
Figure 7. Group 2 presented a detailed hypothesis including both adaptive and nonadaptive 
mechanism for the evolution of Tiktaalik in their final model. 
This demonstration of understanding of concepts such as random mutation, adaptation, and 
competition was typical of intervention students. 
Table 4 
Control and Intervention Group Participants 
Control Group Intervention Group 
Stephan 
Isaac 
Carl 
Michael 
Katherine 
Bill 
Note: participant names replaced with pseudonyms. 
Interviews helped reveal student thinking and conceptual understanding. Though the 
semi-structured interview protocol was not designed to probe for understanding, some students 
exhibited correct ideas in areas associated with misconceptions. For example (See Table 4 for 
control and intervention participants): 
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Interviewer: What did you learn in the unit? 
Carl: I... learned about how Tiktaalik was the first animal, um… like, uh, why certain animals 
choose their - or, not how they choose, like how they, um, adapt to their environment, and, 
yeah.Here Carl begins to display a common misconception that evolution can be intentional, but 
corrects himself. And below, Michael’s response implies his knowledge that evolution has not 
stopped, in fact, continuous and still occurring, and that different types of organisms can have 
different rates of evolution: 
Michael: I think I learned more of what can happen versus what did happen. Because I 
mean as one thing does happen, everything is happening currently still and things are still 
changing at a rapid movement, so… I think what I really took away from it was that there 
are things going to be evolving and things will be changing at a different pace throughout 
life and the Universe I guess, but… it’s all going to be at its own rate and things are going 
to be a lot different when the time comes, so to speak, if that makes any sense. 
Michael’s summary of his learning can be interpreted as an evidence that he does not possess the 
misconception that evolution has reached a pinnacle or goal. 
No practically significant difference in changes in conceptual understanding of natural 
selection as measured by the CINS was observed between the intervention and control groups. 
Student artifacts and interview responses provide examples of how intervention participants 
developed conceptual understanding of evolution and in some cases, were even able to exhibit 
correction of common misconceptions. In particular, intervention participants were able to 
explain nonadaptive mechanisms of evolution such as mutation, which was not measured by the 
CINS. CINS and interview data was collected individually while artifact data was collected from 
group models, which may affect the strength of conclusions drawn from the triangulation of 
EFFECTS OF MODEL-BASED INQUIRY   
42 
 
these data sources. However, in general, increased conceptual understanding in both groups is 
supported. 
Research Question 2: How do Students Engage in the Practices of Science? 
Engagement in modeling. Without explicit instruction in models and modeling, students 
would be expected to primarily produce level 1 models, which “show literal illustrations of a 
single phenomenon” (Schwarz et al., 2009, pg. 640). These models lack explanatory or 
unobservable mechanisms, which will be included in a level 2 model. Coded collaborative 
models from the intervention group show impressive modeling skills, at or above level 2 (Table 
5).  
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Table 5 
Summary of Coded Models 
Group Code Rationale for Code 
1 2 Group 1 presents a causal model which explains mutation, natural selection, and 
environmental pressures that lead to the evolution of Tiktaalik. Model clearly 
communicates understanding by mapping relationships and relevant components 
(Mechanisms, Tetrapod Features, Fish-like Features, and Other Features), but no 
evidence that Group 1 used or thought of the model to support their own thinking. 
2 2 Group 2 created a wonderful model showing accurate causal mechanism for the 
evolution of Tiktaalik which is consistent with the evidence. This model is an 
excellent communication of ideas, but presents no evidence that Group 2 views 
models as tool to support their own thinking. 
3 3/4 A change in basic format from initial to final model shows level 3 consideration of 
multiple models to explain the same phenomenon. Heavy revisions are evidence that 
alternatives were considered based on analysis of weaknesses and advantages. 
Comparison of natural selection to alternative explanations shows level 4 
consideration of various models.  
4 2 Group 4 includes mechanisms to explain in linear time how Tiktaalik evolved its 
tetrapod-like features. Model is a useful tool for communication, but no evidence 
suggests Group 4 viewed model as a tool for supporting their own thinking. 
5 3 Heavy revisions from initial (bullet list) to final model (concept map) shows 
consideration of alternative models based on strengths and weaknesses. Multiple 
connections between ideas and concepts indicate use of model as a tool to support 
thinking. 
Note. Codes are equivalent to levels indicated in the Learning Progression Rubric (Table 2). 
The greatest achievements in modeling were seen in Groups 3 and 5. Both groups revised 
their initial models to a significant extent, even changing the basic format of their models. For 
example, Group 5 (Figure 8) began with a non-pictorial bullet list of responses to the model 
assignment prompt. The students were prompted: “In your assigned groups, model what you 
think happened to cause these features to develop in Tiktaalik. These are hypotheses which we 
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will test throughout the unit,” and models were defined: “A scientific model is used to explain 
and predict natural phenomena. Define the system, relevant components, 
relationships/connections between components, mechanism (cause), and observable evidence 
(effect).” Group 5 initially addressed each of these elements of a model in a list. 
  
Figure 8. A comparison of the initial model from Group 5 with peer- and instructor- provided 
feedback and revisions, to the same group’s final model. 
However, at the end of the unit, students in Group 5 were able develop a model that can 
not only communicate understanding, but also be used as a tool to support learning. This is 
shown in the students’ addition of a concept map to show relationships between components of 
their model, for example, “flat bill [head] with eyes on top of the head” leading to “allowed 
Tiktaalik to be aware of aerial predators” resulting in “Tiktaalik SURVIVES and passes on its’ 
genes” (Figure 6). The significant changes between the initial and final models from this group 
shows the comparison between these two models based on strengths and weaknesses, which is 
indicative of a level 3 model (Schwarz et al., 2009). 
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While Group 5’s model shows a significant increase in understanding of both evolution 
and a level 3 understanding of models as tools, Group 3’s model also shows some traits of a level 
4 model. In addition to comparing the strengths and weaknesses of their own initial and final 
models, Group 3 also considered alternative models from outside the class. Group 3 states in 
their final model, “Natural selection is a more likely [researcher’s emphasis] mechanism for 
Tiktaalik because of the similar structures that are common between Eusthenopteron and 
Tiktaalik” (Figure 9). It can be assumed that the alternative mechanism is one of Creation or 
perhaps Intelligent Design. Here the students in Group 3 are stating that descent with 
modification, or evolution, is supported over alternative explanations such as Creation by 
similarities in structures between related organisms. 
 
Figure 9. A section of the final model from Group 3 that exhibits evidence of level 4 
consideration of alternative models.  
The differences between intervention and control students’ understanding of the way 
scientists use models can be inferred from individual interviews. Control group participants had a 
limited understanding of the way scientists use models: 
Interviewer: So, ah, what do you think the role of models might be in explaining or 
maybe predicting phenomena in science?  
Stephen: Ah, I think they can be very important. I mean, it’s, it’s one of those things. If 
you have a- if you already have a set model, and then can, you know, expand on it, and, 
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ah… I mean, the natural world is obviously always, there’s always more being 
discovered, especially through science, there’s always more being explored, so, um, these 
models can, ah, be a good starting point, a good base point to then, you know, reach out 
and branch out into, ah, you know, learning about some of these phenomena or other - 
other things like that. 
Here Stephen is describing models as tools for communication and explanation of existing 
knowledge. While he also describes the iterative nature of models in that they can be expanded 
upon, Stephen does not appear to understand the practice of modeling. Another control student 
describes models as tools for communication only: 
Interviewer: How would you summarize the way scientists use models to study the 
natural world? 
Isaac: I think it’s a good way, because it helps people who don’t know that much kinda 
like, take a look at it and be like, “okay, I kinda see what they did” and try to understand 
it better. 
Clearly these control participants do not possess an understanding of models as tools to explain 
causal mechanisms involved in processes or to predict the behavior of phenomena.  
In contrast, intervention students displayed a deeper understanding of models as tools to 
support learning and as tools for prediction: 
Interviewer: So how would you summarize the way scientists use models to study the 
natural world? 
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Michael: Well they’re good examples. It’s something you could easily learn from with a 
model because it shows rather than just explains. I like that a lot more because I’m a 
visual learner. 
Interviewer: What role do you think models have in explaining or predicting phenomena? 
Michael: Huh. Well, when you use a model, can’t you, uh- you can kind of see how it’s 
going to be going in future years? So you can kind of predict what would happen. 
Michael understands models can be used to explain phenomena in a visual way, and also that 
scientists use models as tools for prediction. 
Interviewer: How would you summarize the way scientists use models? 
Carl: I think they use the models to, uh, understand how, basically, how the ecosystem 
works, like… what will happen in the next, like, in the following years… 
Interviewer: Right, making predictions? 
Carl: Yeah, making predictions. 
Carl also understands that models can be predictive because they explain the way systems work. 
Katherine is even able to explain how models can predict the way past events were likely to have 
occurred: 
Interviewer: What role do you think models have in explaining or predicting phenomena? 
Katherine: I think it could catch patterns, um, you know, if they see a pattern going on 
they can probably predict, like, what’s going to happen, or at least predict what did 
happen, ‘cause if it happened you know millions of years ago there’s no really know- 
like, knowing what exact- you know? I think that’s what models are mostly for. 
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Control group participants were only able to describe models as existing objects that scientists 
created for communication of knowledge. In contrast, intervention participants were better able 
to explain models as tools used to explain and predict processes and phenomena rather than only 
to communicate knowledge. This shows an improved understanding of modeling as a practice 
and skill.  
It can be determined that students also recognized the educational value of engaging in 
the practice of modeling. When asked to elaborate on how elements of MBI, specifically models, 
helped them learn, intervention students responded overall positively, for example: 
Interviewer: Did any of these elements, um, of Model-Based Inquiry help you to learn 
about evolution? 
Katherine: Yeah, the models for sure. Especially me myself getting down in to draw it, 
once I did have the idea and know what I was doing, actually drawing it really did help 
me understand, um, you know, the- the steps it took to be able to get to Tiktaalik, you 
know? 
By engaging in the practice of modeling, Katherine was able to interact with the content and gain 
conceptual understanding of evolution. 
Through MBI, students’ modeling skills clearly improved, as did their understanding of 
models as explanatory and predictive tools. Intervention students universally produced level 2 or 
higher models though iterative practice during the evolution unit. It is also apparent that 
students’ knowledge of the relationships between relevant components involved in biologic 
evolution improved through engaging in the practice of modeling. By constructing and using 
models to explain the evolution of Tiktaalik, students developed the skills to not only represent 
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their ideas in pictorial models, but also to use those models to support their own thinking about 
evolution. 
Engagement in explanation. Explanation is the product of science. Through 
constructing explanations students make sense of phenomena. Engagement in the practice of 
explanation is an important element of MBI. However, only one student identified explanation as 
a helpful element of MBI in interviews: 
Interviewer: So, out of all of those [elements of MBI], which ones helped you the most 
learn about evolution? 
Bill: Um... I would say the model that we made helped me learn about Tiktaalik because 
we kinda saw a lot of the factors that could play into what causes a creature to evolve. 
And also the paper [written evidence-based explanation] because I just did a bunch of 
research, so… and I was working on that for a couple of days so my mind was like on 
evolution for like a solid four days or something like that. 
Even then, Bill did not associate completing the paper with engaging in the scientific practice of 
explanation for the sake of sensemaking, only with constructing knowledge through further 
research. Additionally, when asked to describe what the goal of science is, most students said 
that the goal of science is to understand the world, but none were able to describe using evidence 
or constructing causal explanations.  
Interestingly, interview responses show that some students from the intervention group 
are less confident in their ability to explain compared to control participants. When asked how 
comfortable they would feel explaining a phenomenon in evolution such as the evolution of 
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Tiktaalik, intervention group students responded in a variety of ways, despite having written 
explanations of this phenomenon only weeks before: 
Michael: If I was the only one asked that question, maybe, um... If there were other 
people there who could answer it I would let them answer it.… So I’m not 100% 
comfortable with it. Uh, I could probably do it if I nec- if I absolutely had to, but it’s not 
one of those things that I could, uh, off the top of my head just go, ‘yeah, this, this and 
that.’ 
Michael is relatively confident in his ability to explain, but would prefer to allow another, 
perhaps more knowledgeable student, to do so instead. 
Katherine: I can probably get just like the surface information. I don’t know if I could 
probably - ‘cause I prob- I just forgot most of it to be honest with you. I mean, it was 
pretty informational but, I don’t know, like I never… it would never really interest me 
too much. 
Katherine does not feel confident in her ability to explain or to retain information. 
Carl: I… think I could, but like I don’t remember the specific dates Tiktaalik was... alive, 
I guess. 
Interviewer: … If somebody was really interested and was like, “could you explain 
Tiktaalik?” Could you feel comfortable to explain that? 
Carl: Uhh, no. 
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Carl does not feel comfortable at all with explaining the evolution of Tiktaalik, but this may be 
due to his misunderstanding of the relative unimportance of the age of this fossil. This lack of 
confidence was common within the intervention group. 
However, control group students were overall more confident in their ability to explain 
phenomena which were studied in various labs during the evolution unit:  
Interviewer: How comfortable do you feel explaining questions in evolution, for 
example, um… Do you think you could explain the evolution of, like a population of 
goldfish or the Anole lizards in the Caribbean? 
Isaac: Pretty comfortable. 
Isaac expressed a moderate confidence level in explaining, with no hesitation. 
Interviewer: How comfortable do you feel about explaining questions in evolution, so 
like the Anole lizards and how they ended up with different ectomorphs… Do you- you 
don’t have to explain, but do you think if someone were to ask you to explain how that 
happened, would you feel comfortable doing that? 
Stephen: Yeah, I’d be moderately comfortable doing that.:… Not- ahh, obviously I’m not 
an expert on the subject, or anything, but I’d feel knowledgeable enough to at least give 
the basic information, and ah, expand on that a little bit. 
Stephen and Isaac both showed more confidence in explaining phenomena in evolution than 
most students from the intervention group, despite not constructing explanations during the 
evolution unit. 
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This inverse trend suggests that students from the control group, who were not expected 
to form an explanation of a specific phenomenon, have a higher confidence in explaining than 
students who were explicitly expected to form a detailed, evidence-based explanation. Perhaps 
the old adage is true; “The more you know, the more you know you don't know.” 
Influence of Instructional Model 
Several topics emerged from student interviews when asked about influences of the 
instructional model. Intervention participants reported positive influences of several elements of 
MBI. The topics identified were: ownership of ideas, depth of thinking, public records as 
reference tools, opportunities for collaboration, coherence within the unit, and desired elements. 
Ownership of ideas. Beyond the scientific skills and conceptual understanding gained 
through MBI, intervention students identified a feeling of ownership over their ideas when asked 
“How did creating models make you feel about the value or importance of your ideas? Did you 
feel that you have ownership of your ideas?”: 
Michael: Yeah, because I was able to share what I thought, versus following a strict 
rubric of what you can and can’t show. So being able to show what you’d like and what 
you think you know versus what other people do… it helps way more in my opinion. 
Michael appreciated the freedom of contributing his own ideas and comparing them to the ideas 
of his groupmates.   
Carl: I would say the models... Everyone, like everyone in the group, was able to put in 
their own ideas. Um, Like, the Tiktaalik model, we all pitched in ideas, so… 
Interviewer: Okay, so did you feel like you had ownership of those ideas? 
Carl: I did. 
EFFECTS OF MODEL-BASED INQUIRY   
53 
 
Carl’s response indicates that he felt that the group contributions of all ideas gave everyone 
ownership of their ideas. Collaborative modeling allowed the intervention students to have equal 
shares in the model their group constructed. As a result, they felt their own ideas had value. 
Depth of thinking. MBI gives the students more control in that they are responsible for 
their learning and participation in a student-centered classroom. It was found that this resulted in 
self-differentiation as well. One student reported a more in-depth understanding as a result of this 
instructional model: 
Interviewer: So in what ways was it [the MBI evolution unit] similar or different than 
other science units that you’ve done? 
Bill: Um, well we got to look like more in-depth to how creatures adapt and change to 
their environment depending on the need and necessity for it, and, um… [clears throat] I 
guess I’ve never really experienced that in other science classes because we didn’t go 
sup- like, we kinda learned about the concept of evolution but we didn’t learn about all 
the factors that you know change a creature over time. 
Meanwhile, another student reported that she was able to understand the concepts without feeling 
overwhelmed: 
Interviewer: How would you characterize the evolution unit? 
Katherine: It was pretty easy. I thought it was pretty easy. It was pretty self-explanatory, I 
feel like. Um, I feel like when I dive really into it and I get really, like, you know, into the 
eras and stuff like that I get confused. But I get the gist and the understanding and how 
evolution came to be and why we’re here and why the animals we have look like what 
they look like, you know. So, yeah. 
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These apparently opposite reactions to the depth of learning during MBI can be interpreted as the 
results of students having the ability to drive their own learning and self-differentiate the depth at 
which they explore the content. All students are expected to reach the same goals and meet the 
same objectives, but they feel enabled to do so in their own way.  
Public records as reference tools. Public records are a hallmark of MBI. Public records 
include a display of the big idea and essential question, as well as a summary table. Each major 
lab or activity is summarized in the summary table in two contexts: first, what was learned about 
the topic is described in one or two sentences. Second, this content knowledge is applied to the 
anchoring phenomenon to summarize how the lab or activity helps to explain the anchoring 
phenomenon. When asked “What role did the summary table have in helping you learn?” 
students indicated that they found the summary table useful as a reference tool: 
Carl: Yeah, like if I would have forgotten some parts of it then I could look back at the 
summary table.…Um, like, if I turned in the lab like last week and she asked about it, we 
can go back to the lab and look at the summary table. 
Interviewer: Okay, so it just helped you kinda refresh? 
Carl: Yeah, refresh. 
Carl used the summary table to remind himself what was done in each activity. 
Michael: …Well it helped me learn ‘cause every time that I was stuck on something I 
was able to go back and not only see what I had written down but what my groupmates 
and my classmates had written down.  
Interviewer: Right. 
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Michael: So it’s a learning curve and a learning- help, in a sense, for all of us to be able to 
look back at this one chart that we all put together, which was really good. 
Michael adds that the summary table was useful for also seeing what other students had 
interpreted from each activity.  
The summary table was commonly used by students to refer to previous activities and 
remind themselves of the important concepts, as well as how those relate to the anchoring 
phenomenon. In this way, having a public record of activities throughout the unit allows students 
to focus on the construction of knowledge and development of skills, with the security of having 
a summary of each lab and activity available for reference. 
Opportunities for collaboration. MBI provides many opportunities for collaboration as 
students work together to test their ideas and explanations. Students reported positive views 
toward group work for distinct reasons. When asked “do you think working in a group helped 
you learn? If so, why? If not, why not?” students responded: 
Carl: It did help me learn because in areas that I didn’t understand group members were 
able to help me. 
Carl describes collaboration for pooling knowledge, a common response. Another reason for 
collaboration was to pool perspectives, as described by Michael when asked the same question: 
Michael: Absolutely, because feedback from different people helps gain more 
perspective, and a better understanding. ‘Cause I may have found something they didn’t 
and share it with them, and vice versa. Working in a group is more knowledgeable just 
for that reason. 
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Through constructing models in groups, participating in labs and activities in groups, and 
participating in group and whole class discourse, students were able to learn from more 
knowledgeable peers, as well as offer and receive unique perspectives.  
One student found that the summary table, unique to the intervention group, also held 
value as a collaborative tool, and provided systematic learning: 
Bill: Um well for one… um, it was the whole class collaborating at that point, so it was a 
much larger scale so you could see a lot more different viewpoints than just our group or 
just myself. Um… and well, and then, every day we would go into a different part of it so 
that was cool and it was systematic in that form. And… yeah, and so then like, instead of 
getting all the information at once or answering a bunch of questions at once, you would 
have one question one day. You’d answer that question and then the next day you would 
have another question and that might change what you thought about the first question. 
While both groups worked in collaborative groups on labs and activities, the intervention group 
had more opportunities for collaboration through model construction and daily collaboration on 
the summary table.  
Coherence. Furthermore, MBI improved coherence within the unit by organizing 
information for a purpose (explaining the anchoring phenomenon). One student, who reported 
that models were the most impactful element of MBI for him, reports:  
Interviewer: So how did this element of MBI [models] help you? So did it help you 
organize the information, um, apply it to a real-life example, understand how scientists 
explain things they can’t experiment on... 
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Carl: It did help organize information, um, I don’t know like, it just… instead of having, 
like, a lecture and then… like it wasn’t scattered… it just helped organize everything. 
Michael also reported that studying Tiktaalik helped guide his learning: 
Interviewer: Did any of these elements of Model-Based Inquiry help you learn about 
evolution? 
Michael: I think so. Being able to see all the different things that kinda arose throughout 
that time period when he [Tiktaalik] was changing into a tetrapod feature and gaining 
them, it kinda shows different things about it and different ways to come about it. 
Because not only did we talk about that we talked about the finches on the islands and a 
bunch of different other things as well. But when it came down to it for Tiktaalik, it just, 
uh, I don’t know. It was a different learning experience. It was good. 
By studying the mechanism of evolution through the context of Tiktaalik, Michael felt he was 
able to apply these concepts to other phenomena, such as the finches of the Galapagos Islands.  
Having an anchoring phenomenon to be modeled and explained allows for explicit 
chunking of information within a unit. When concepts learned in class are applied frequently to 
constructing models, students can more easily organize the information into relevant contexts. 
Additionally, a control participant, when asked “Is there anything else you’d like me to know 
about that evolution unit that would help me understand what worked and what didn’t work?” 
responded with an unprompted request for context and a chance to “map out,” or model, a 
phenomenon. 
Stephen: Well… Um, the Tiktaalik portion really worked for me, seeing that transition 
fossil, maybe… Like I said I keep referring to the tree, but um, maybe if there was a way 
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to sort of map this out for us a little. Ah, I know it’s not simple but, obviously, but, if 
there was some way to sort of... put this into a picture, put this into a, some sort of a 
model like you said, to look at and um… ‘cause at first it was sort of a vague concept to 
me and I, I really needed some concrete sort of, ah, sort of information like the fossils to 
start wrapping my head around it and then, “okay, I’m starting to get it, you know. These 
things happen over time because there were adaptations, natural selection, those kind of 
things.” So it would be nice to see a tree of that and pinpoint exactly where some of this 
natural selection took place, what happened, and, um, where we’re at now, so. I know 
that’s a lot to ask for, but, um, I think that would be very helpful. 
Interviewer: Okay, so something to put it into context? You keep talking about Tiktaalik. 
Um, in my class that what we studied, was everything through how Tiktaalik evolved and 
how it got these features. Um, so that’s what I do with my classes; we study a single 
phenomenon and try to bring in all these other concepts - natural selection, speciation, all 
these - into that. Is that kind of what you are talking about? 
Stephen: Yeah, yeah. Absolutely. 
This request from a control participant indicates that traditional instruction lacks coherence and 
context. Both classes were exposed to Tiktaalik through a chapter in the common textbook; this 
student was highly interested in studying a transitional fossil such as Tiktaalik as an anchoring 
phenomenon to guide learning. The student even explicitly mentioned creating a model of 
Tiktaalik to make the unit less disjointed. 
Students report that studying a specific phenomenon such as Tiktaalik helps them learn 
by providing an organized and coherent unit. When concepts are applied for the purpose of 
explaining a phenomenon, students are also able to apply those concepts to explaining similar 
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phenomena. This coherence was not only found to be helpful for intervention students, but was 
also found wanting in the control group’s instruction.  
Desired elements. Students were expected to read the textbook at home. In this way, 
more time in class was dedicated to collaboration and discourse. A common complaint from 
intervention participants was the minimal lecture time. However, one student clarified that he 
prefers to spend time in class working on activities: 
Interviewer: How much time would you estimate was spent in class working on labs and 
assignments versus lecture? 
Michael: Probably ¾ was labs and ¼ of it was lecture, and I like that a lot better… It’s 
better hands-on learning and you can take away more, quite frankly, by doing that. 
Carl also found the assigned readings to be sufficient for understanding the material. When asked 
the same question, Carl responded: 
Carl: I feel like there was more activities than lectures, um, but she did assign, like 
readings to do, and I… like, I understood the readings, so I didn’t see why she would 
have to go over that again in class. 
Despite several student complaints about the lack of lecture, other students found assigned 
readings to be appropriate. Content covered in class through student-centered discourse and 
applied in activities and labs exposed all students to the content and enabled students to construct 
knowledge.  
This, with the above evidence of benefits peripheral to conceptual understanding such as 
improved skills in the practices of science, suggests that a student-centered instructional design 
such as MBI can improve student learning in ways that cannot be easily measured with a post-
assessment. The skills of modeling and explanation are difficult to determine through a close-
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ended assessment such as a typical unit test. Assessing engagement in the practices of science 
requires examination of student artifacts and allowing students to explain their own learning. In 
this study, mixed-methods suggest that the alternate route taken by students through an MBI unit 
resulted in extensive engagement in the practice of modeling without a significant difference in 
conceptual understanding compared to a control class. The influences of MBI included students 
feeling ownership of their ideas, self-differentiated depth of thinking, the use of collaborative 
public records as reference tools, increased opportunities for collaboration, and improved intra-
unit coherence.  
How Students View “Doing” Science.  
A pattern emerged from analysis of semi-structured interviews suggesting that students 
do not view themselves doing science the same way they view scientists doing science. 
Intervention students were able to describe how scientists engage in argumentation through 
collaboration for the purpose of sharing perspectives, but did not usually associate these same 
practices with their own engagement in the practices of science throughout the MBI unit.  
Katherine was able to describe how scientists argue to examine claims based on different 
perspectives and experiences. When asked “What role do you think argumentation or debate has 
in the advancement of science?”, she responded: 
To see different views, on - you know what I mean? On different topics, ‘cause a lot of 
people... there’s a lot of like controversial topics that people agree or disagree and it’s 
always healthy to like, engage in a debate or a healthy argument just to kinda, you know, 
get the point out there and maybe open the eyes of others that don’t see…. You know 
what I mean, like the basic facts that are like right in front of you. Some people just 
ignore it, or they just have never, like, you know thought of it. 
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Katherine shows an understanding of the social role of argumentation and the benefits of 
collaboration by scientists. She immediately thinks of the different perspectives scientists bring 
with them when engaging in argumentation. However, when asked if group work benefits her 
learning and why, Katherine has a different reason for collaborating: 
Absolutely. Um, especially because a lot of my, um, my, you know my partners and stuff, 
we were with a specific group. They were really, really smart. And these guys were… 
they were very helpful with, you know, the gaps of information that I had, and then I was 
helpful with them, with the gaps of information they had. So, I mean, it was- I love 
working in groups just because, you know, I’m… you know, I have knowledge for some 
things but other people may have- again, like, fill my gaps up. 
Katherine seems to associate student collaboration with the purpose of filling in gaps in 
understanding. This is indisputably a benefit of collaboration, but it is interesting that Katherine 
does not attribute the same influences of collaboration to scientists as she does to students.  
The same student also shows that she does not view her own engagement as doing 
science when asked “What do you think the overall goal of science is?” 
To get the basics down! [laughs] So I don’t- you know what I mean, so I know at least 
what- how stuff works. Just the gist of it. You know, like I said, I’m an art major so ...you 
know, it’s- I’m not too interested to really dive in. But it is interesting, I do like it. You 
know, I enjoy, like, labs and, you know, doing stuff like that. 
Katherine interpreted the question as “Why are you taking a science class?” rather than as a 
question regarding the universal goal of science as a way of knowing and understanding. She 
does not see herself as a scientist, or even as a student who is capable of doing science. 
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The same disparity between collaboration by scientists and collaboration by students was 
indicated in Carl’s responses: 
Interviewer: What role do you think argumentation or debate has in, um, scientific 
knowledge? 
Carl: Okay, I think it’s a good role because you’re getting, um, like different ideas when 
you’re discussing it or arguing, arguing about it. You get to see like different sides, I 
guess. 
Carl seems to understand the benefit of scientists with different perspectives and ideas coming 
together to argue for the best explanation. However, when asked about his own role in 
collaboration, Carl again exhibits a different view: 
Interviewer: So, do you think working in a group helped you learn? If so, why? If not, 
why not? 
Carl: It did help me learn because in areas that I didn’t understand group members were 
able to help me. 
Instead of attributing the pooled perspectives of a community of scientists to himself and his 
classmates, Carl views student-to-student collaboration only as a chance to pool knowledge.  
Bill provides a contrast to Katherine and Carl. When asked about the role of 
argumentation in science, he states the common view: 
Interviewer: So what does it mean to say that scientists engage in argumentation? 
Bill: Um, I would say it’s like debating, you know. If one person has one side of a topic 
and the other person has another side, they can discuss why they feel the way they feel 
and hopef- maybe they can teach each other new things. 
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However, when asked if and how working in a group helps him learn, Bill indicates that he 
views himself in an equivalent way to how he views scientists: 
Bill: Um, yeah, I would say it did because when you work as a group you can collaborate 
and other people might have ideas that you don’t have, and then, they’ll say something 
and you’ll be like “oh yeah, and maybe this also” and they’ll be like “oh yeah and that” 
and then by the time it’s done you have a bunch of ideas out on the table and you can 
pick from the best ones, and stuff like that. 
Bill’s responses attribute the same influences of collaboration to himself as to scientists. The 
intention of engaging students in the practices of science is to provide them an opportunity to 
learn how science is done and to construct knowledge in a way similar to scientists. However, 
when students do not view themselves as capable of or interested in doing science, this becomes 
very difficult. The way these example students view science as done by scientists, science as 
done by students, and their own experiences with science are summarized in Table 6. 
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Table 6 
How Students View Science 
Student 
Views on how scientists 
collaborate 
Views on how students 
collaborate 
Experiences with science 
(from interviews) 
Katherine “To see different 
views…” 
To fill “gaps of 
information.” 
“I don’t really like or care 
for science too much, you 
know, um, I’m more of 
an art person.” 
Carl To get “different ideas.” “…in areas that I didn’t 
understand group 
members were able to 
help me.” 
“It hasn’t been that well. 
I don’t understand 
science. I just can’t 
understand it.” 
Bill To “teach each other new 
things” by sharing sides 
(perspectives). 
To “collaborate… other 
people might have ideas 
that you don’t have…” 
“Um, Well I’ve always 
been interested in 
science, and it isn’t until 
recently when I wanted to 
start, you know, getting 
more into science, and 
I’ve really enjoyed 
Biology, and so yeah. 
Now I’ve decided I want 
to be a scientist…” 
Bill possesses a very different view of the way students collaborate versus the way 
scientists collaborate, and very different experiences with science. The inferred trend is that 
students who have had positive experiences with science are more likely to attribute similar 
attributes of collaboration to themselves and to scientists. Differences in this perception may 
have an impact on student engagement in the practices of science. 
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Summary 
The purpose of this study was to examine the effects of MBI on conceptual understanding 
and student engagement in the practices of science. The research questions were: does MBI 
affect conceptual understanding of evolution, and how do students engage in the practices of 
science? No practically significant difference in change in conceptual understanding between 
instructional designs was found; both groups increased their scores on the CINS by 
approximately the same amount, with slightly lower improvement in the intervention group. 
However, participants in the intervention group were able to demonstrate improvements in 
understanding of both adaptive and nonadaptive mechanisms of evolution through student 
artifacts, and to a lesser extent, semi-structured interviews.  
Intervention group participants engaged heavily in the practice of modeling. Participants 
made significant improvements in group models and had positive responses to interview 
questions about modeling. Intervention participants also demonstrated a more accurate 
understanding of how scientists use models to explain and predict phenomena compared to 
control participants. The practice of explanation was not identified as a major influence on 
learning by most students. Conversely to expectations, intervention participants reported lower 
comfort and confidence in explaining phenomena that control participants. No intervention 
students identified the practice of argumentation as having had an influence on their learning.  
In addition to supporting findings related to the research questions, participant responses 
provided data regarding the influence of MBI and the traditional instructional model. It was 
found that MBI enabled ownership of ideas, self-differentiated depth of thinking, a collaborative 
reference tool, additional opportunities for collaboration, and coherence within the unit. 
However, students who do not view themselves as interested in or capable of doing science as 
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student-scientists tend to have disparate views of collaboration in the classroom and in the 
scientific community. This was an unexpected finding that is likely more prevalent than is 
represented in this study. The relationship between MBI and student views of collaboration in 
science is unknown. 
These findings support the implementation of MBI in community college science 
classrooms for non-science majors. MBI provides students with an alternate path toward 
conceptual understanding with additional benefits, including engagement in the practices of 
science and more opportunities for collaboration. Not only do students learn the concepts of 
evolution, but they also develop skills related to modeling, explanation, and argumentation; a 
better understanding of how scientists use models; and are able to take a more responsible role in 
their own learning through MBI.  
Discussion 
This study aimed to examine the effects of MBI on conceptual understanding of 
evolution and student engagement in the practices of science. Findings showed positive impacts 
of the implementation of MBI in a community college biology course for non-science majors. By 
engaging in the practices of modeling, explanation, and argumentation, participants improved 
their skills and knowledge of science, thereby increasing their science literacy. In this chapter, 
interpretations of the findings and challenges with the research are described, followed by 
discussion of the implications, limitations, and ideas for further research. 
Interpretation of Findings 
During the evolution unit, participants learned the concepts of evolution through one of 
two instructional designs: MBI or traditional instruction (lab and lecture). Control group 
participants received traditional lecture and performed laboratory activities. Knowledge was 
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constructed both individually through lecture and reading assignments as well as socially through 
group lab experiences and some discourse. Conceptual understanding of natural selection was 
measured, and results showed an average growth of about 10%. Control participants were able to 
improve their conceptual understanding of evolution. 
The intervention group learned the concepts of evolution through MBI by collaboratively 
constructing initial models, revising these models, using evidence to argue for their claims, 
including defense of their models, constructing final models, and finally constructing a written 
evidence-based explanation of the essential question: “what caused Tiktaalik, a fish, to develop 
tetrapod-like features?” This social engagement in the practices of modeling, argumentation, and 
explanation was done in addition to constructing conceptual understanding of evolution 
individually through reading assignments and socially through group lab activities and discourse. 
Conceptual understanding of natural selection was measured, and results showed an average 
growth of about 4%. Intervention participants were able to improve their conceptual 
understanding of evolution as well as engage heavily in the practices of science. 
Findings indicate that students who participate in MBI gain knowledge, but also much 
more. Through modeling, participants can improve their modeling skills and develop a more 
accurate understanding of models as explanatory and predictive tools (Harrison & Treagust, 
1998; Ruebush et al., 2009; Speth et al., 2014). By constructing explanations and using evidence 
to argue for claims, students also develop a deeper understanding of concepts and causal 
mechanisms (Chi et al., 1994; Chin & Brown, 2000; Teichert & Stacy, 2002) and reasoning and 
critical thinking skills (Driver, Newton, & Osborne, 2000; Erduran & Jiménez-Aleixandre, 
2007). MBI instruction may also improve the coherence of a unit of study, allow students to feel 
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ownership of their ideas, explore the content at depth, collaboratively develop tools to be used as 
reference of content, and have more opportunities for collaboration. 
Challenges 
This study utilized a convergent parallel mixed-methods approach to answer the research 
questions: does MBI affect conceptual understanding of evolution, and how do students engage 
in the practices of science? Mixed-methods involves collecting quantitative and qualitative data 
separately, and then comparing the quantitative results with in-depth qualitative data. 
Quantitative data yields generalizable descriptive information, and qualitative data tends to yield 
explanatory information particular to a situation. Together, these two distinguishable sources of 
information are expected to provide convergent information that describes a result and poses a 
causal narrative for this outcome. 
In educational research, quantitative data collection is compounded by issues with sample 
sizes. An enormous amount of data from multiple classes, instructors, or sections is required to 
be able to provide meaningful statistical analysis. Qualitative data collection is complex, time-
consuming, and requires extensive validation methods. Qualitative research challenges the 
researcher to determine what information is valuable and how to interpret open-ended data. 
Mixed-methods approaches require an investigator to be familiar with both data analysis 
methods. In this study, the researcher had access to experts in quantitative, qualitative, and 
mixed-methods approaches. 
Assessing student engagement in the practices of science poses additional challenges. 
Obtaining evidence of an intangible quality such as student engagement requires extensive 
qualitative data collection and analysis. In addition, relying on student responses to interview 
questions leaves interpretation of the prompts to the student. Development of targeted questions 
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is a skill which requires time and experience to develop. These questions must probe for the 
participant’s own assessment of their engagement in the practices. Furthermore, the participant 
must be able to associate their activities with the terminology of the interview or other 
instruments and self-assess their engagement in the practices of science.  
For example, in this study, the interview question “What do you think the overall goal of 
science is?” was intended to assess student understanding of explanation as the goal, or product, 
of science. None of the interview subjects were able to associate the target word “explanation” 
with this question. Also, despite having engaged in two explicitly defined argumentation sessions 
and using evidence to implicitly argue for the accuracy of their models, intervention participants 
did not associate argumentation with any influence on their learning. The lack of participant 
association of terms such as “explanation” and “argumentation” with their engagement may be 
due to improperly designed interview prompts, unclear use of terms during instruction, or 
another unanticipated reason. Measurement of participant engagement in the practices of science 
is a complex endeavor which requires extensive time and appropriate instrumentation. 
Implications  
Implementation of MBI in postsecondary introductory or non-science majors biology 
courses in supported by these findings. Participants appreciated the coherency and ownership of 
learning that MBI offered them. Practitioners in community colleges may be interested in 
exploring MBI in their classes to increase student engagement and science literacy without 
sacrificing conceptual understanding. Practitioners and administrative staff often seek strategies 
to improve science education such as teaching critical thinking skills, making content relevant, 
developing science literacy, and other initiatives. MBI is an effective tool for improving science 
education by developing science literacy, teaching critical thinking skills, and providing relevant 
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and coherent curricula. The development of professional development programs to teach MBI to 
postsecondary educators is recommended.  
Limitations 
This study examined a small population of community college students. The small 
sample size limited the researcher’s ability to make generalizable claims about community 
college students. Confounding variables such as different instructors of each section, the day and 
time of each section, individual teaching strategies, and natural variation between groups affect 
the ability to draw conclusions as well. The findings of this study are preliminary, and this 
should be considered a pilot study exploring the effects of MBI on conceptual understanding. 
More research is necessary to run proper statistical analysis and to determine relationships 
between MBI instruction and conceptual understanding of evolution as well as engagement in 
the practices of science. 
Further Research 
Further studies with larger sample sizes to allow for random group assignment, to control 
for compounding variables, and to allow for statistical analysis are needed to enable 
generalization of findings. Replication of this research and further revision of the interview 
protocol would also clarify themes found in the data and may expose underlying patterns not 
distinguishable in this small sample.  
In the pursuit of allowing ample class time to engage in practice-based activities, lecture 
time was reduced and almost eliminated. The intervention class was run much like a flipped 
classroom in that students were expected to familiarize themselves with the material at home by 
reading the textbook and other assigned readings so that class time could be devoted to 
discourse, engagement in modeling and argumentation, and lab activities. However, no video 
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lectures were provided and writing of the evidence-based explanations was done outside of class 
time. The implementation of MBI in a truly flipped classroom may yield more meaningful 
results in conceptual understanding. As of the publication of this study, no such research has 
been done. 
Interview responses in this study suggested disparities between the way students view the 
role of collaboration between scientists and the role of collaboration between students. There 
may be other differences in how students view professional science versus student science. 
Research into this domain could include analysis of views of science between science majors and 
non-science majors, or the effect of MBI on views of science. Work has been done to study or 
describe the way students’ views of science affect their knowledge integration (Songer & Linn, 
1991), how gender influences views of science (Miller, Blessing & Schwartz, 2007), and 
teachers’ views of science (Lakin & Wellington, 2007), but very little research involves the 
alteration of student views or how instructional models or strategies affect student views of 
science.  
Student views of science closely relate to student understanding of the nature of science. 
Research shows time and again that teaching the nature of science is critical to teaching scientific 
literacy and that students don’t learn nature of science unless instruction is explicit (Lederman & 
Lederman, 2014). The relationship between MBI and student understanding of the nature of 
science is unknown. Research has shown that inquiry methods can improve students’ views of 
the nature of science, though explicit inquiry and teaching of the nature of science rarely actually 
occur (Capps & Crawford, 2013; Lederman & Lederman, 2014). Further research may indicate 
the effectiveness of MBI as a platform for explicit teaching of the nature of science, and how this 
affects students’ views of themselves engaging in science as student-scientists. 
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Summary. This study was among the first to explore the implementation of MBI in 
postsecondary science. Several themes were observed, but further replication of this study is 
needed to draw generalizable conclusions. Two unexplored areas of research exposed by the 
findings of this study: MBI in a flipped classroom, and the effect of MBI on student views of the 
nature of science. This study should be viewed as a pilot study, with many possible directions for 
future research. 
Conclusion 
This study examined the alternate route taken by students through an MBI unit toward 
conceptual understanding. This research is the first to utilize MBI in postsecondary science 
education. Through engaging in the practices of science, particularly modeling, students showed 
growth in their conceptual understanding of evolution as well as benefiting from auxiliary skills 
development. The implementation of MBI in postsecondary science classes such as introductory 
biology is supported by these preliminary findings.  
MBI engages students in the practices of modeling, explanation, and argumentation. 
Through constructing, revising, and critiquing models to visually explain an anchoring 
phenomenon, students gain a deeper understanding of the content as well as the nature of 
scientific models as tools to support their own learning and to explain and predict phenomena. 
Models have the advantage of allowing students to explain unobservable mechanisms in a 
concrete representation. Models are also excellent tools for communicating student thinking. In 
order to more deeply explain phenomena using evidence and to explore relevant theories, 
students also develop written evidence-based explanations in an MBI unit. The practice of 
explanation allows students to describe the processes underlying phenomena and engages 
students in the creation of a scientific product. The ability to objectively examine all available 
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evidence and determine the best possible explanation is essential to doing science. Through the 
critique and defense of models from the class, students engage in the practice of argumentation. 
MBI presents an instructional design that enables students to engage in the practices of science 
and addresses present concerns in science education and the teaching of authentic scientific 
inquiry (Passmore, Stewart, & Cartier, 2009).  
Improving student participation in inquiry has long been a goal in science education 
(NRC, 2012). By enabling students to engage in scientific inquiry, educators expose students to 
the skills and habits of mind of scientists, thereby improving the ability of students to develop 
conceptual knowledge like scientists. To develop an adequate understanding of scientific 
knowledge, students must understand the nature of scientific inquiry as well as the content 
(Windschitl et al, 2008). Engaging students in scientific inquiry allows students to develop the 
skills and knowledge to do science. In other words, engagement in inquiry through the practices 
of science develops science literacy. 
Science literacy is an important outcome of education. Through the millennia human 
beings have developed an increasingly complex and sophisticated understanding of the natural 
world. This understanding has been the result of scientific activity and habits of mind such as 
logical skills and careful observation (AAAS, 1989). Scientific advances occur almost daily; in 
order to maintain a citizenry that can navigate this environment while making informed decisions 
regarding environmental policy, vaccinations, education, space exploration, and genetic 
modification, among others, the development of scientific literacy in our students is vital. 
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ground. Tiktaalik could have evolved it’s limb-like fins to escape predation. Populations 
undergo changes in allelic frequency through natural selection (predation in this case). This 
beneficial trait was selected for and increased in the population. Adaptations such as sturdy 
limbs increase a population’s fitness in a particular environment and can lead to speciation. 
Once on land, Tiktaalik roseae accumulated so many different traits from its aquatic relatives 
that it became a different species. Through adaptive and nonadaptive evolution, fish species 
gave rise to tetrapod species. 
Geologic and evolutionary processes take a long time. The planet has undergone a lot of 
environmental changes and most of the change we see in the fossil record has happened 
relatively recently. Tiktaalik lived during the Devonian period (the Age of the Fishes), about 
375 MYA. Once tetrapods existed we see an explosion of diversity of life on land in the fossil 
record. We also see increasing complexity of organisms as we look at younger and younger 
rock layers. Transitional fossils represent the links between older (less complex) and younger 
(more complex) organisms. Tiktaalik is a transitional fossil between fishes and land-dwelling 
tetrapods. This fossil shows a clear intermediary stage of limb development through immense 
periods of time. 
The structures we have, for example our ear bones, are not miracles but are repurposed 
from ancestral structures. They have developed new functions which improved our hearing. 
We have structures that evolved from the structures our early tetrapod ancestors - and 
Tiktaalik - had, such as a humerus, radius, ulna, carpal bones in our wrists, and fingers. We 
can see evidence of our fish, reptile and primate ancestors in our bodies, such as the shape of 
our spine and the fingers on our hands. Genes, anatomy, and embryology show how various 
structures have evolved to provide current functions in the human body. Tiktaalik is a 
transitional fossil between fish and tetrapods and many of the structures we have, including 
our embryonic gill arches, are from our fish ancestors. 
A fish with fingers may seem like an oxymoron, but through understanding evolution 
we can see that Tiktaalik was instead a small step onto land - part of the giant leap to mankind. 
Provide examples of 2-3 initial models you expect from the students: (insert images) 
 
 
Provide an example final model you expect from the students: (insert image) 
pictorial version of the causal explanation 








EFFECTS OF MODEL-BASED INQUIRY   
96 
 
Appendix C 
Concept Inventory of Natural Selection 
D.L. Anderson and K.M. Fisher (2002) 
 
Your answers to these questions will assess your understanding of the Theory of Natural Selection. Please 
choose the answer that best reflects how a biologist would think about each question. 
 
Galapagos Finches 
Scientists have long believed that the 14 species of 
finches on the Galapagos Islands evolved from a 
single species of finch that migrated to the islands 
one to five million years ago (Lack, 1940). Recent 
DNA analyses support the conclusion that all of the 
Galapagos finches evolved from the warbler finch 
(Grant, Grant & Petren, 2001; Petren, Grant & 
Grant, 1999). Different species live on different 
islands. For example, the medium ground finch and 
the cactus finch live on one island. The large cactus 
finch occupies another island. One of the major 
changes in the finches is in their beak sizes and shapes, as shown in this figure. 
 
Choose the one answer that best reflects how an evolutionary biologist 
would answer. 
 
1. What would happen if a breeding pair of finches was placed on an island under 
ideal conditions with no predators and unlimited food so that all individuals 
survived? 
a. The finch population would stay small because birds only have enough 
babies to replace themselves. 
b. The finch population would double and then stay relatively stable. 
c. The finch population would increase dramatically. 
d. The finch population would grow slowly and then level off. 
2. Finches on the Galapagos Islands require food and water to drink. 
a. When food and water is scarce, some birds may be unable to obtain what 
they need to survive. 
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b. When food and water are limited, the finches will find other food sources, 
so there is always enough food. 
c. When food and water are scarce, the finches all eat and drink less so that 
all birds survive. 
d. There is always plenty of food and water on the Galapagos Islands to meet 
the finches’ needs. 
3. Once a population of finches has lived on a particular island for many years,  
a. the population continues to grow rapidly. 
b. the population remains relatively stable, with some fluctuations. 
c. the population dramatically increases and decreases each year. 
d. the population will decrease steadily. 
4. In the finch population, what are the primary changes that occur gradually over 
time? 
a. The traits of each finch within a population gradually change. 
b. The proportions of finches having different traits within a population 
change. 
c. Successful behaviors learned by finches are passed to offspring. 
d. Mutations occur to meet the needs of the finches as the environment 
changes. 
5. Depending on their beak size and shape, some finches get nectar from flowers, 
some eat grubs from bark, some eat small seeds, and some eat large nuts. Which 
statement best describes the interactions among the finches and the food supply? 
a. Most of the finches on an island cooperate to find food and share what 
they find. 
b. Many of the finches on an island fight with one another and the physically 
strongest ones win. 
c. There is more than enough food to meet all the finches’ needs so they don’t 
need to compete for food. 
d. Finches compete primarily with closely related finches that eat the same 
kinds of food, and some may die from lack of food. 
6. How did the different beak types first arise in the Galapagos finches? 
a. The changes in the finches’ beak size and shape occurred because of their 
need to be able to eat different kinds of food to survive. 
b. Changes in the finches’ beak occurred by chance, and when there was a 
good match between beak structure and available food, those birds had 
more offspring. 
c. The changes in the finches’ beaks occurred because the environment 
induced the desired genetic changes. 
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d. The finches’ beaks changed a little bit in size and shape with each 
successive generation, some getting larger and some getting smaller. 
7. What type of variation in finches is passed to the offspring? 
a. Any behaviors that were learned during a finches’ lifetime. 
b. Only characteristics that were beneficial during a finches’ lifetime. 
c. All characteristics that are genetically determined. 
d. Any characteristics that were positively influenced by the environment 
during a finches’ lifetime. 
8. What caused populations of birds having different beak shapes and sizes to 
become distinct species distributed on the various islands? 
a. The finches were quite variable, and those whose features were best suited 
to the available food supply on each island reproduced most successfully. 
b. All finches are essentially alike and there are not really fourteen different 
species. 
c. Different foods are available on different islands and for that reason, 
individual finches on each island gradually developed the beaks they 
needed. 
d. Different lines of finches developed different beak types because they 
needed them in order to obtain the available food. 
Venezuelan Guppies 
 
Guppies are small fish found in stream in Venezuela. Male guppies are brightly colored, 
with black, red, blue, and iridescent (reflective) spots. Males cannot be too brightly 
colored or they will be seen and consumed by predators, but if they are too plain, 
females will choose other males. Natural selection and sexual selection push in opposite 
direction. When a guppy population lives in a stream in the absence of predators, the 
proportion of males that are bright and flashy increases in the population. If a few 
aggressive predators are added to the same stream, the proportion of bright-colored 
males decreases within about five months (3-4 generations). The effects of predators on 
guppy coloration have been studied in artificial ponds with mild, aggressive, and no 
predators, and by similar manipulations of natural stream environments (Endler, 1980).  
Choose the one answer that best reflects how an evolutionary biologist 
would answer. 
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9. A typical natural population of guppies consists of hundreds of guppies. Which 
statement best describes the guppies of a single species in an isolated population? 
a. The guppies share all of the same characteristics and are identical to each 
other. 
b. The guppies share all of the essential characteristics of the species; the 
minor variations the display don’t affect survival. 
c. The guppies are all identical on the inside, but have many differences in 
appearance.  
d. The guppies share many essential characteristics, but also vary in many 
features. 
10. Fitness is a term often used by biologists to explain the evolutionary success of 
certain organisms. Which feature would a biologist consider to be most important 
in determining which guppies are “most fit”? 
a. large body size and ability to swim quickly away from predators 
b. excellent ability to compete for food 
c. high number of offspring that survived to reproductive age 
d. high number of matings with many different females 
11. Assuming ideal conditions with abundant food and space and no predators, what 
would happen if a pair of guppies were placed in a large pond? 
a. The guppy population would grow slowly, as guppies would have only the 
number of babies that are needed to replenish the population. 
b. The guppy population would grow slowly at first, then would grow rapidly, 
and thousands of guppies would fill the pond. 
c. The guppy population would never become large, because only organisms 
such as insects and bacteria reproduce in that manner. 
d. The guppy population would continue to grow slowly over time. 
12. Once a population of guppies has been established for a number of years in a real 
(not ideal) pond with other organisms including predators, what will likely 
happen to the population? 
a. The guppy population will stay about the same size. 
b. The guppy population will continue to rapidly grow in size. 
c. The guppy population will gradually decrease until no more guppies are 
left. 
d. It is impossible to tell because populations do not follow patterns. 
13. In guppy populations, what are the primary changes that occur gradually over 
time? 
a. The traits of each individual guppy within a population gradually change. 
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b. The proportions of guppies having different traits within a population 
change. 
c. Successful behaviors learned by certain guppies are passed on to offspring. 
d. Mutations occur to meet the needs of the guppies as the environment 
changes. 
 
Canary Island Lizards 
 
The Canary Islands are seven islands just west of the African continent. The islands 
gradually became colonized with life: plants, lizards, birds, etc. Three different species of 
lizards found on the islands are similar to one species found on the African continent 
(Thorpe & Brown, 1989). Because of this, scientists assume that the lizards traveled 
from Africa to the Canary Islands by floating on tree trunks washed out to sea. 
14. Lizards eat a variety of insects and plants. Which statement describes the 
availability of food for lizards in the Canary Islands? 
a. Finding food is not a problem since food is always in abundant supply. 
b. Since lizards can eat a variety of foods, there is likely to be enough food for 
all of the lizards at all times. 
c. Lizards can get by on very little food, so the food supply does not matter. 
d. It is likely that sometimes there is enough food, but at other times there is 
not enough food for all of the lizards. 
15. What do you think happens among the lizards of a certain species when the food 
supply in limited? 
a. The lizards cooperate to find food and share what they find. 
b. The lizards fight for the available food and the strongest lizards kill the 
weaker ones. 
c. Genetic changes that would allow lizards to eat new food sources are likely 
to be induced. 
d. The lizards least successful in the competition for food are likely to die of 
starvation and malnutrition. 
16. Populations of lizards are made up of hundreds of individual lizards. Which 
statement describes how similar they are likely to be to each other? 
a. All lizards in the population are likely to be nearly identical. 
b. All lizards in the population are identical to each other on the outside, but 
there are differences in their internal organs such as how they digest food. 
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c. All lizards in the populations share many similarities, but there are 
differences in features like body size and claw length. 
d. All lizards in the population are completely unique and share no features 
with other lizards. 
17. Which statement could describe how traits in lizards pass from one generation of 
lizards to the next generation? 
a. Lizards that learn to catch a particular type of insect will pass the new 
ability to offspring. 
b. Lizards that able to hear, but have no survival advantage because of 
hearing, will eventually stop passing on the “hearing” trait. 
c. Lizards with stronger claws that allow for catching certain insects have 
offspring whose claws gradually get even stronger during their lifetime. 
d. Lizards with a particular coloration and pattern are likely to pass the same 
trait on to offspring. 
18. Fitness is a term often used by biologists to explain the evolutionary success of 
certain organism. Below are descriptions of four fictional female lizards. Which 
lizards might a biologist consider to be the “most fit”? 
 
 Lizard A Lizard B Lizard C Lizard D 
Body length 20 cm 12 cm 10 cm 15 cm 
Offspring 
surviving to 
adulthood 
19 28 22 26 
Age at death 4 years 5 years 4 years 6 years 
Comments Lizard A is very 
healthy, strong, 
and clever 
Lizard B has 
mated with 
many lizards 
Lizard C is dark 
colored and 
very quick 
Lizard D has 
the largest 
territory of all 
the lizards 
 
a. Lizard A 
b. Lizard B 
c. Lizard C 
d. Lizard D 
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19. According to the theory of natural selection, where did the variations in body size 
in the three species of lizards most likely come from? 
a. The lizards needed to change in order to survive, so beneficial new traits 
developed. 
b. The lizards wanted to become different in size, so beneficial new traits 
gradually appeared in the population. 
c. Random genetic changes and sexual recombination both created new 
variations. 
d. The island environment caused genetic changes in the lizards. 
20. What could cause one species to change into three species over time? 
a. Groups of lizards encountered different island environments so the lizards 
needed to become new species with different traits in order to survive. 
b. Groups of lizards must have been geographically isolated from other 
groups and random genetic changes must have accumulated over time. 
c. There may be minor variations, but all lizards are essentially alike and all 
are members of a single species. 
d. In order to survive, different groups of lizards needed to adapt to the 
different islands, and so all organisms in each group gradually evolved to 
become a new lizard species. 
 
Natural Selection Concept Inventory Key 
1-C, 2-A, 3-B, 4-B, 5-D, 6-B, 7-C, 8-A, 9-D, 10-C, 11-B, 12-A, 13-B, 14-D, 15-D, 16-C, 17-
D, 18-B, 19-C, 20-B. 
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Appendix D 
Interview Protocol 
Examining the Effects of Model-Based Inquiry on Conceptual Learning 
Interview subject: ____________  
Instructor (circle one): Nittman (control)  Baze (intervention) 
Read to Interview Subject: Thank you for agreeing to talk today. I am going to ask you a 
series of questions about science in general and the evolution unit you recently finished 
in your Biology course. Please answer the questions to the best of your ability; there are 
no right or wrong answers. I’d like you to just share your thoughts and experiences. 
Your responses will be audio recorded and transcribed. 
Part 1: Understanding of Science 
1. First, what has your experience been in school with science courses/classes? 
2. What do you think the overall goal of science is? 
3. How would you summarize the way scientists use models to study the natural 
world? 
a. What role do you think models have in explaining or predicting 
phenomena? 
4. What does it mean to say that scientists engage in argumentation? 
a. What role do you think argumentation or debate has in the advancement 
of scientific knowledge? 
Part 2: Influence of Model-Based Inquiry  
Read: Now I want to ask you about the evolution unit you just completed in your class. 
2a: all participants 
5. How would you characterize the evolution unit? In what ways was it similar to or 
different than other science units you’ve experienced? 
a. How much time would you estimate was spent in class working on labs 
and assignments versus lecture (e.g., what proportion)? 
6. During the unit, you did the following labs and activities: [Control: Population 
Genetics, Anole Lizards, and Ribbon of Life. Intervention: Models, Population 
Genetics, Anole Lizards, Geologic Time Scale, Fossils Lab, and Your Inner 
Animals]. Which activities were the most impactful on your understanding of 
evolution and why?  
7. What other aspects of the unit were helpful to you?  
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a. Probe if necessary: For example, was [e.g.. (intervention) making a model 
of Tiktaalik’s evolution; (control) in-class discussions] useful for helping 
you understand evolution? 
8. How comfortable do you feel explaining questions in evolution? For example, do 
you think you could explain the evolution of [intervention: Tiktaalik; control: the 
Anole lizards in the Caribbean]? 
9. Do you think working in a group helped you learn? If so, why? If not, why not? 
2b: intervention group only [skip to part 3 for control participants] 
Read: In this unit you did some things a little differently. You studied a central 
phenomenon, Tiktaalik, made models about Tiktaalik, had a big idea (Evolution drives 
the unity and diversity of life), an essential question (What caused Tiktaalik, a fish, to 
develop tetrapod-like features?), filled out a summary table after each task, made a 
“must have” checklist, and wrote an evidence-based explanation.  
7. Did any of these elements of Model-Based Inquiry helped you to learn about 
evolution?  
a. If so, which ones? 
b. How did this element of MBI help you? (Did it help you organize the 
information, apply it to a real-life example, understand how scientists 
explain things they can’t experiment on, etc.?) 
[Probe if these elements do not come up in #7:]  
8. How did creating models make you feel about the value or importance of your 
ideas? Did you feel that you had ownership over your ideas? 
a. Did modeling help you to understand how evolution occurs? 
9. What role did the summary table have in helping you learn? 
10. How did studying a central phenomenon - the evolution of Tiktaalik - influence 
or guide your learning? 
Part 3: all participants 
11. As we wrap up, what would you say you learned during this unit? 
12. Is there anything else you’d like me to know about the unit that would help me 
understand what worked and what didn’t in terms of your learning about 
evolution? 
Thank you for your participation! 
 
